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ABSTRACT
A complex of social, economic and environmental factors influences agricultural
management in the northeastern US. Farmers often balance goals of farm viability,
environmental stewardship, and resilience to climate change, while also under public
pressure to enhance the provisioning of ecosystem services from their landscapes.
Changes in farm management have been identified as cost-effective ways to address both
local water quality issues, and global anthropogenic influences on greenhouse gas
concentrations. Individual decision-making on the part of farmers that determines the
fate of ecosystem service provisioning from agroecosystems, placing increasing
importance on understanding how policy, outreach and research can support farmers’
capacity
This dissertation explores the way agricultural management is changing in the
face of emerging environmental crises in the northeastern US. I use stakeholder
engagement and transdisciplinary research that highlights farmers as key decision makers
to gain insight into the unique decision-making contexts of farmers and the resources
they need to better address pressing environmental challenges.
In the first study, I use focus groups to explore a complex and resource
constrained decision-making context described by a sample of Vermont farmers. Their
perspectives illustrate a strong stewardship ethic, a desire to learn more about their
agroecosystem, and both hope and skepticism about new payment for ecosystem services
incentive programs.
In the second study, I integrate social, economic and biophysical data to estimate
the supply of ecosystem services from alternative soil and nutrient management strategies
at the field-scale, and illustrate feedbacks from ecosystem services on farmers’ decisions.
This transdisciplinary study finds that subsurface nutrient loss pathways and soil surface
greenhouse gas emissions are poorly understood, but also potentially the most important
in determining the impact of a practice on ecosystem services supply.
In the third study, I use information from multiple phases of a participatory action
research study with sustainable agriculture networks in the northeastern US to explore
how farmer networks support adaptive capacity and sustainability transitions in
agriculture. First, I use binomial logistic regression analysis to identify factors that
influence the use of no-till on diversified vegetable and berry farms, which is an emerging
innovation for climate adaptation in this community. The analysis shows that climate
beliefs, perceived capacity and affiliation with certain farmer networks are significant in
predicting the use and intended use of this practice. This quantitative analysis is
complemented by qualitative data from a series of focus groups in which farmers identify
the characteristics of certain networks which support them in addressing new challenges.
This work contributes to scholarship on understanding how farmer networks enhance
collective problem-solving and adaptation to climate change.

DEDICATION
This dissertation is dedicated to my children, Oren and Ada, to my nephews Kinder,
Charlie and Ernie, and to the next generation of humans on this tiny planet. May this
make the world you are inheriting a little better.
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CHAPTER 1: INTRODUCTION
Water quality and climate change present some of the most pressing
contemporary environmental crises impacting agriculture.

As these environmental

problems have worsened over the last decade, agricultural management is increasingly
scrutinized for contributing to these problems, and simultaneously looked to as an
important leverage point to addresses them.
Phosphorus is the limiting nutrient in many freshwater systems, and excessive
phosphorus loading has driven problematic eutrophication in watersheds globally
(Hudnell, 2010) and locally in Vermont (Dolan 2016). Agricultural land use is a
significant source of phosphorus loading, and is also considered one of the most costeffective places to remediate problematic phosphorus pollution at the watershed scale
(Sharpley et al. 2015). Inadequate efforts to address water quality improvement in the
last few decades resulted in litigation, and the EPA stepped in to force Vermont to work
harder to clean up the lake. This established a targeted limit on phosphorus flows in the
lake in the form of a TMDL, or Total Maximum Daily Load, which the state of Vermont
is charged with achieving (Dolan 2016). Approximately 41% of problematic phosphorus
pollution into Lake Champlain comes from agricultural sources, and significant changes
from farms are expected in order to reduce phosphorus loading into the lake (EPA 2016).
Simultaneously, farmers in the northeastern US are increasingly confronted with
the impacts of severe and extreme weather. Climatic models for the region project
heightened risk for extreme precipitation events and incidence of drought, as well as new
pest pressures, overall warming and a suite of foreboding indirect impacts, which threaten
the economic viability of natural resource-based livelihoods (Wolfe et al., 2018;
Janowiak et al., 2016; Tobin et al., 2015).

Notably, severe drought and heavy

precipitation events have caused significant crop loss in the region in recent years (Wolfe
et al., 2018), and catalyzed on-farm adaptation to manage for the risks associated with
increasing occurrence of these extreme weather impacts (White et al., 2018). Increasing
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awareness of these impacts on farms has increased attention on research, outreach and
financial program which support farmers’ capacity to invest in climate resilience.
Extensive research in the fields of agroecology and conservation agriculture
suggest that agricultural best management practices present a solution to these pressing
environmental problems (Pretty et al., 2019; Minsay et al., 2017; Palm et al., 2014).
Supporting farmers in making agroecosystem management decisions which enhance the
water quality, climate regulation, and resilience of their farm operation is of interest to
farmers, policy makers and society. Agroecology takes an approach to this research
which recognizing farmers as experts and crucial partners in researching and innovating
solutions towards the goal of sustainable agriculture (Brescia 2017; Mendez et al., 2015;
Chambers & Ghildyal, 1985). This proposition places farmers voices as essential to
designing the development interventions they need to successfully meet new and
evolving challenges, and highlights a fluid knowledge system of multiple actors that
influence necessary innovations (Scoones & Thompson 1994).

This approach is

especially important in the context of climate change adaptation, where farmer
knowledge has proven to make considerable contributions to agricultural resilience and
sustainability (Sumane et al., 2018).
An interpretive approach to agricultural research privileges the voice of the
farmers through qualitative research, shares their direct quotes and frames the major
themes of analysis to reflect the voices and terminology of farmers. The interpretivist
paradigm seeks multiple perspectives, values iterative and emergent research processes,
and promotes participatory and holistic research (Willis 2007). At its core, interpretivism
seeks to understand a particular context. The emphasis on how context influences
adaptive management (Lane et al., 2018; Jemison et al., 2014) and the growing
scholarship on the importance of social, cultural and individual characteristics on
adaptive capacity (Wouterse, 2017; Prager and Creaney, 2017; Colloff et al., 2017;
Daouda et al., 2015) make the interpretive paradigm good fit for exploring farmers
management decisions. As well, the call by current and past scholars to place farmers
voices within the research process give weight to the interpretivist case.
2

My doctoral research explores the way agricultural management is changing in
the face of emerging environmental crises, through transdisciplinary and social science
research which highlights farmers as key decision makers. The primary lens through
which I have approached my research is the transdisciplinary, participatory and actionoriented agroecology advanced by Ernesto Mendez and colleagues (Mendez et al. 2013).
Agroecologists in this new tradition engage the wider social science literature on food
systems, incorporate transdisciplinary knowledge, and often adopt a problem-based focus
to agricultural research. Transdisciplinary agroecology emphasizes and values the local,
experiential and indigenous knowledge of farmers.
Centering my research focus on agriculture in Vermont and the Northeastern US,
I have engaged farmers perspectives in my research in a variety of ways. My research
process began by talking with farmers and trying to better understand what problems I
could address via my graduate research work. As a result, in this dissertation I include
four different methods of incorporating farmers’ knowledge and perspectives into
research, with the express goal of creating relevant information about farmer decision
making contexts that can help them address pressing environmental challenges. In the
first study I present the results of standard academic style focus groups. In the second
study, I incorporate semi-structured interviews with biophysical data on agroecosystem
performance. In the third study I use triangulation to complement quantitative survey
analysis with a series of community listening session style focus groups. In the
conclusion chapter, I reflect on the breadth of approaches taken to incorporate farmers’
perspectives into my research. Most of the social science research included in this
dissertation is exploratory and takes an interpretivist, grounded theory approach, to
identify contextual nuances, as described above. However, I value complementary
qualitative and quantitative research, and the dynamic between exploratory interpretivist
research and explanatory, deductive, theory-based research.
Within my dissertation, there is some bad news. This includes the finding that
recommended best management practices may be doing more harm than good, and that
farmers may be filtering information through confirmation bias. However, these findings
3

are not generalizable. They are perhaps anomalous. I encourage the reader to take to
take a critical perspective to both the optimism which paints the promise of sustainable
agriculture, and the findings of my research. My work points to complexity in the food
system, and more importantly, my work also identifies leverage points for change and
sustainability transitions. The role of extension in delivering trusted information and coproducing information of value to farmers emerged as one of the most important aspects
of the socio-technical system which enables farmers to adapt and make management
changes.

Financial constraints and incentive programs were identified as critical

elements that limit and enable farmers’ capacity to make changes. Information about the
performance of ecosystem services feeds back into farmers’ decision making through
their stewardship identity, which merits preservation. Finally, farmers’ networks are the
backbone for a flexible and responsive knowledge system that aids farmers in meeting
new challenges, even when institutional resources are scarce.

4

CHAPTER 2: HOW CAN YOU PUT A PRICE ON THE
ENVIRONMENT? FARMER PERSPECTIVES ON STEWARDSHIP
AND PAYMENT FOR ECOSYSTEM SERVICES
Abstract
As agricultural conservation priorities evolve to address new complex social
ecological problems and emerging social priorities, conservation incentive program
design increasingly looks to incorporate local stakeholder preferences to enhance
program participation and success.

Our research explores how farmers incorporate

ecosystem services into management decisions, and the factors that influence
participation in government sponsored payment for ecosystem services programs. We
conducted three focus groups with 24 participants between January 2019 and May 2019
in Vermont. Our study revealed that a strong, intrinsic stewardship ethic motivates
farmers to enhance ecosystem service provisioning from their farms, though financial
pressures often limit decision-making. These results suggest that programs with
sufficient levels of payment may attract participation, at least among some types of
farmers, to enhance ecosystem services from farms in Vermont. However, farmers may
be deterred from participating by perceived unfairness and distrust of the government
based on previous experiences with regulations and conservation incentive structures,
and by information about ecosystem services supply that conflicts with their perceptions
of agroecosystem functioning. The delivery of context specific information on how
management changes impact ecosystem service performance from trusted sources could
enhance farmer’s decisions, overcome farmers’ confirmation bias and would aptly
complement payments. Additionally, farmers expressed a desire to see a program which
both achieves additionality and rewards farms who have been stewards, goals which are
potentially at odds. Our findings offer important insights for policy makers and program
administrators who need to understand factors that will influence farmers’ willingness to
5

participate in payment for ecosystem service programs and other conservation practice
adoption initiatives, in Vermont and elsewhere.
Keywords: agriculture, ecosystem services, farm management, PES, adoption,
conservation programs, BMPs, program design

Introduction
Of the 642,981,096 acres of agricultural lands in the US, private ownership
controls 99% of croplands and 61% of rangelands (Vesterby and Krupa 2001; NASS
2017). Individual decision-making on the part of farmers as they manage their land for
agricultural production determines the fate of ecosystem service provisioning from these
agroecosystems (Foley et al. 2005; Zhang et al. 2007; Power 2010), placing increasing
pressure on government to incentivize greater adoption of conservation practices as part
of solutions to complex social ecological challenges (Shortle et al. 2012). Globally,
payment for ecosystem services (PES) programs are considered a promising conservation
incentive strategy to simultaneously achieve multiple social and ecological goals for
agriculture and the environment (Kinzig et al. 2011; Smith and Sullivan 2014). However,
the impact of PES programs often falls short of expectations due to sub-optimal
participation (Page and Bellotti 2015). Designing effective conservation incentive
programs is enhanced by understanding farmers’ decision-making processes and
prioritization of outcomes (e.g. Ma et al. 2012; Wynne-Jones 2013; Smith and Sullivan
2014).
This paper explores farmers’ willingness to participate in PES programs, and
identifies factors beyond compensation level that would influence participation in a PES
program. Little research has been done on how farmer perceptions of ecosystem services
influence decision-making and act as feedbacks in social ecological systems (Meyfroidt
2013; Lamarque et al. 2014), and no research, to our knowledge, has been conducted on
6

this in Vermont or the Eastern US. Though PES program design considerations should
be tailored to local contexts, our inquiry may have transferrable lessons for other regions
(Wilson and Hart 2000). Our research offers insight for a PES program design to
complement existing incentives and motivations that enhance environmental outcomes.
This study also contributes to the growing body of scholarship exploring how farmers’
perspectives influence ecosystem service provisioning and participation in new
conservation incentives.
This study takes a transdisciplinary, action-oriented agroecological approach to
this research (Mendez et al. 2015). This tradition draws from scholars who link the
benefits of democratic participation and cooperation to problem solving, going back to
the action research of Lewin (Marrow 1977), emancipatory education of Paolo Friere
(Friere 1972), and the Farmer’s First theory of sustainable development of Scoones and
Thompson (1994) and others in the 1980s and 90s. Theories posited by these scholars
suggest that acknowledging the agency of farmers and engaging them in designing
community development interventions will produce solutions that best fit the
contextualized needs of those farmers.
Relevant scholarship on farmer’s adoption of conservation practices
Farmers’ decisions to enhance ecosystem service provisioning or adopt
conservation practices are influenced by both individual and structural factors. Individual
decision-making draws upon farmer’s willingness and multiple aspects of capacity to
make changes (Mills et al. 2017). Economic capacity is among the important factors
incorporated into farmer decision-making, and payment amounts offered by programs
can potentially help farmers overcome reluctance to make big changes or result in underadoption if payments are too low (Conner et al. 2016). Structural factors, beyond the
control of individuals, can also influence their capacity to make management changes
(Flora, Flora, and Gasteyer 2018; Risbey et al. 1999; Roesch-Mcnally et al. 2018). This
includes the institutions, environment, social capital and technology that mediate farmers
access to capital and information, and expose them to external risks.
7

Research dedicated to understanding the factors that influence farmers’ decisions
to adopt conservation practices indicates that the decision to adopt conservation practices
among farmers is 1) influenced by many different factors, 2) heterogeneous among
farmers and 3) highly context dependent (Teixeira et al. 2018). Recent reviews on
adoption of conservation practices found that a plethora of factors and considerations
influence farmers willingness and actual adoption of conservation practices (Niles et al.
2019; Prokopy et al. 2019; Liu, Bruins, and Heberling 2018; Baumgart-Getz, Prokopy,
and Floress 2012; Ranjan et al. 2019). The literature reveals a lack of consistency in
determinants of adoption (Prokopy et al. 2019) and highlights the need for contextualized
and localized research on the community of interest (Ranjan et al. 2019). Despite overall
inconsistency, positive attitudes towards conservation programs and practices emerged
as the strongest predictor of adoption among a review of 93 studies (Prokopy et al. 2019).
PES and conservation incentive programs
Changes in farmer conservation behavior is the desired outcome of PES
programs, but a different body of research has explored the ways that PES and
conservation incentive program implementation influence participation and ecosystem
service provisioning impact. The two bodies of scholarship are related, and there is some
overlap. The former is relevant to our research goals in setting the context for farmer
decisions, whereas the latter has a narrower focus on the how decisions impact ecosystem
service provisioning and how PES program implementation influences behavior.
Adequate information and non-financial motivations have been identified as
influences on participation in PES (Page and Bellotti 2015). Conservation incentive
programs that aim to strengthen ecosystem provisioning from farms should consider
farmer’s diverse perceptions and use of specific strategies for different farmer types
(Teixeira et al. 2018). When evaluating new information, farmers usually place more
weight on the personal relationship and reputation of individuals delivering information,
than they do professional titles (Wood et al. 2014). This suggests that the way incentive
programs are designed to interface or share information with farmers may influence
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farmers willingness to participate or use information. Managing for ecosystem services
requires deep knowledge of the nuances of a farm, its interactions with neighboring
ecosystems (Toffolini et al. 2017), and how ecosystem services provisioning is spatially
and temporally heterogeneous within a region (Swinton et al. 2007). In order to be able
to manage for ecosystem services outcomes, they must be quantifiable, and farmers must
have notions about how management influences these outcomes (Swinton et al. 2007).
Yet, some of the most meaningful and important ecosystem services are cultural, and
because they are challenging to measure quantitatively, they are frequently left out of
assessments (Hirons, Comberti, and Dunford 2016; Gould and Lincoln 2017). How
cultural ecosystem services (non-material benefits) and relational values are
operationalized into PES or influenced by PES is an important and emerging line of
inquiry.
Relational values are preferences, principles and virtues about relationships
among people and nature, or among people via nature (Chan, Gould & Pascual 2018),
and can be discerned in the way farmers talk about their relationship with the landscape
and stewardship ethic. Both PES program design and participants’ perceptions of
programs have influenced relational values. While there is evidence that financial
motivations introduced by PES programs may crowd out existing stewardship ethics
(Luck et al. 2012), recent research from (Chapman et al. 2020) suggests that farmers may
impose their own perceived values of PES as compensation for stewardship on top of a
program’s stated goals. These values include market values, ecosystem services values,
and relational values, and this is a useful framework for understanding farmers
perceptions of PES. Chapman et al. (2020) link participants’ perceived values of PES to
the way intermediaries frame and communicate about the programs. Program framing,
and the communication of intermediaries, may have important implications for the way
farmers motivations and relational values are crowded-out, or crowded-in, by PES. Luck
et al., (2012) suggest that “initiatives will more successfully appeal to intrinsic and
instrumental motivations if they are explicit about the moral value of an action and also
offer technical or financial assistance—or both—toward that action.”
9

PES programs often emerge as policy instruments that promise to achieve
environmental goals, but designing PES programs as rural development and framing
them as compensation for stewardship could be better suited to achieve long-term goals
(Rosa, Kandel, and Dimas 2003; Kandel and Cuéllar 2011). Empowering local actors
with resources, autonomy and reinforcing relational values supports the commitment and
capacity of rural farmers to provision environmental services (van Noordwijk and
Leimona 2010; Kandel and Cuéllar 2011; Akers and Yasué 2019). Perceived fairness, or
rather, lack of fairness, is one of the primary reasons PES programs fail to achieve their
goals (Miller, Caplow, and Leslie 2012; Oldekop et al. 2016; van Noordwijk and
Leimona 2010). PES program design weighs efficiency versus these rural development
goals (Salzman et al. 2018). Finally, the institution with whom farmers interact to enroll
in a PES program may have implications for participation. Negative attitudes towards
government and conservation incentive programs can deter both participation and
transitions to more sustainable practices (Gronewold, Burnett and Meister 2012; Hall and
Pretty 2008). Successful PES incentives also require nuanced policies that can adapt to
the scale and configuration of specialized socio-ecological settings (Swinton et al. 2007).

Context
Our study was situated in Vermont, USA, where PES has emerged as a promising
solution to address decades of excess phosphorus loading into Lake Champlain and the
agricultural economy (Dolan 2015; Hammond Wagner et al. 2019).

Agricultural

nonpoint source pollution is one of many contributors to aquatic nutrient imbalances in
the basin, but is identified as the most cost-effective place to remediate problematic
phosphorus pollution at the watershed scale (Sharpley, Foy, and Withers 2000; EPA
2016). Concurrently, the state of Vermont has been a crucible for shifting paradigms in
sustainable agriculture, with bold visions for a future of agriculture against the backdrop
of increasing farms closures due to commodity market failures (Ross et al. 2018). To be
successful, PES programs must consider a contextually informed understanding of the
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values and concerns of the participants they aim to enroll (Page and Bellotti 2015). Our
study fills this gap using qualitative focus group analysis to understand the challenges
and opportunities for optimal PES program design in Vermont. No research of this type
has been conducted in Vermont or the Northeastern US.
Research questions
Our aim in this paper was to understand the factors that will influence farmers’
participation in a PES, and what influences farmers’ management to enhance
provisioning of ecosystem services. We can also phrase that as two research questions:
•
•

How are ecosystem services considered in farm management decisions?
What are the most salient concerns farmers have about participating in a PES
scheme?

Methods
Our study used focus groups with farmers and qualitative analysis to explore the
diverse and multifaceted perspectives of Vermont farmers. Focus groups can capture the
nuances of norms, context and structural factors that constrain adoption (Carlisle, 2016;
Roesch-McNally et al., 2018; Ranjan et al., 2019), how norms and identities influence
attitudes toward conservation and adoption (Floress et al., 2017) and the complex
interplay between factors motivating and hindering conservation adoption (Ranjan et al.,
2019).
In order to capture a breadth of perspectives in Vermont’s agricultural community
we used a purposeful stratified approach to include farmers from different production
contexts and geographic regions of the state. We conducted three focus groups with
Vermont farmers between January and May 2019 (Table 1). One of the discussions was
hosted in the northwest corner of the state with farmers in the Champlain Valley, one was
conducted in central Vermont, and one was conducted in eastern Vermont, along the
Connecticut River Valley. Focus group protocols and questions were approved by the
University of Vermont Office for Human Research Protections.
11

Focus groups were guided by a semi-structured interview guide and lasted
between 60-90 minutes. Researchers facilitated the conversation among participants by
prompting the discussion with questions, offering each participant an opportunity to
answer each prompt, and allowing each group of farmers the space to discuss, ask
questions, and talk about the ideas and topics they were most concerned with. Focus
groups were recorded with consent and transcribed verbatim. Inductive thematic analysis
guided by Grounded Theory (Cohen, Glaser, and Strauss 1969; Charmaz 2006; Charmaz
and Belgrave 2012) was conducted using NVivo software to develop a set of codes based
on the content of the focus group discussions. Transcripts were initially single-coded by
the first author (AW). Themes were organized using hierarchy, and iteratively revisited
and grouped during repeated readings of the transcripts to generate meaningful categories
and organization that reflected the phenomenon under inquiry (Cohen, Glaser, and
Strauss 1969). Preliminary codes, themes and coded sections of the transcripts were
reviewed and discussed with second author (JF) who offered feedback, interpretation and
suggestions for revision and organization of the coding hierarchy.
Thematic analysis reflected the categories that correspond to primary discussion
topics prompted by our line of questioning during the focus groups: factors influencing
decision-making, management for ecosystem services, and perspectives on payment for
ecosystem services (PES). Our analysis also identified sub-themes that emerged across
these topics of conversation. Information and trust emerged as foundationally important
to much of farmers’ past choices, intended decisions and opinions of PES program
design. A tension between stewardship ethic and financial constraints both makes
management decisions challenging and also played into farmers’ considerations of equity
in PES program design. Soil health was another theme which connected and integrated
many of the discussions about decision making, ecosystem services and payments.
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Results
Three focus group discussions captured perspectives of 24 farmers between the
ages of 29-81, three of whom were female (Table 1). A diversity of production contexts
and geographic regions were represented in our sample (Table 1), including dairy
farmers, pasture-based livestock farmers, vegetable and fruit farmers, maple sugar
producers and highly diversified farms.
Table 1. Description of focus groups & participants.

Geographic region of Vermont
in which each focus group was hosted

Number of
attendees

Management types represented

Northwest
(Missisquoi River Valley & St Alban’s
Bay of the Champlain Valley)

8

Confinement dairy, Pasture-based
livestock and dairy, Custom service
operator, Maple

Eastern
(Connecticut River Valley)

10

Pasture-based livestock and dairy,
Diversified farms

Central
(Greater Winooski River Valley)

6

Pasture-based livestock and dairy,
Vegetables, Diversified farms, Fruit,
Maple

Demographic summary of all focus groups
Age range of participants
Male farmers
Female farmers

29 – 81 years old
21
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Concerns and motivations
Here we begin by describing the most salient concerns and motivations in
farmers’ decision-making context. First, we explore the breadth of factors which farmers
identified as important to them when making management decisions, and the way they
are often connected. Financial concerns emerged as among the strongest themes. We
then highlight the depth of discussions about stewardship motivations, and farmers’
understandings of ecosystem services provisioning.
When asked about the most important considerations for making decisions on
their farms, farmers discussed navigating the many pressures, risks and challenges of
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sustaining a farm business while maintaining their personal goals, quality of life and
standard of ecological stewardship. Among the farmers who participated in our focus
groups, many factors emerged as important in driving and constraining management
decisions, highlighting how context-specific and diverse farmers, farms and their
decisions can be. Farmers primarily mentioned finances, quality of life, local ecological
impacts and conservation of inputs. They also discussed time, long term sustainability,
keeping their farm in agriculture, regulatory compliance, tractor time, community, soil
compaction, crop health, soil health, animal health, food quality, pest pressures,
efficiency, co-benefits, nutrient retention, and odor. Table 2 presents themes and quotes
representing a diversity of the major factors influencing decisions mentioned by
participants in our study.
Each farmer described a complex of diverse and interconnected factors that
interact to influence decisions, including financial, ecological, social and regulatory
considerations. Farmers described how new and urgent challenges often dominate their
available time and resources, as one farmer described; “We'll try to eliminate our biggest
problem, at the timing that it is. One year it’s one thing, and one year it's another thing.
It's never always just one thing.” Temporally dynamic changes in impact, personal
capability and new conditions were also described by participants, indicating the way
short term and long-term risks are often factored into short term management decisions.
When asked about the most important thing considered in making management decisions,
one farmer talked through the many things he incorporates in his decision-making
process;
“what's the impact of this practice right here and right now? Also, …the risks of getting involved in
this decision… if I for some reason don’t manage this well…. Could something change? I think there’s a
diversity of considerations related to quality of life, economics, and ecosystem integrity on the land,
and perhaps things like … future production capacity. Would taking on this management affect other
aspects of management on the farm? So, it's not simple question to answer, but there’s a bunch of
factors.”

Farmers described how economic pressure constrained their capacity to invest in
management changes, including conservation practices and enhanced ecological
stewardship. This was a strong theme that repeatedly emerged in all the focus group
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discussions, but was sharply emphasized in the discussions with dairy farmers, many of
whom described personal experience with enormous debt loads, business deficits and
milk market patterns that had already put many of their fellow farmers out of business.
Farmers told stories about wanting to invest in management changes for climate
resilience, water quality and soil health, but cited the dairy economy and price of milk as
reasons they couldn’t make the changes they had hoped to. As one dairy farmer
explained;
“I got equity, but cash? I'm cash poor … it's the milk price that has done that … What we do in the
environment, we do the best job we can, but if we can't survive with the milk price, we're not going to
farm [like that]. We can't afford to. We're not going to do it to lose all our investments. And right now,
to sell your investment, you're getting 50 cents on the dollar…. that's why most people are still staying
in, because you can't afford to get out.”

Farmers in our study expressed a sense of stewardship and caretaking to multiple
scales as motivating their decisions. Some farmers described a sense of stewardship to
the agricultural landscape, their household and future of farming in Vermont, by
sustaining healthy, productive soils and viable farming enterprises to pass on to the next
generation of farmers. Farmers also described how their management decisions consider
impacts on various nested scales of community surrounding the farm, starting with their
own household and farm, radiating out to larger scales of beneficiaries. For example, one
farmer described;
“When I'm thinking about decisions right now, I'm thinking about how it's impacting the
community that we've created around the farm and then the greater community of the town in
which we live in. And then beyond that, the state of Vermont.”

Many farmers described how, through farm management, they hoped to make
contributions to the well-being of society and planetary health, by “feeding the world”
or mitigating drivers of climate change. Additionally, maintaining the aesthetic of a
working farming landscape was understood to be valuable to the surrounding
community’s sense of place, and tourist appeal.
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Table 2. A diversity of factors are considered by farmers when making management decisions.
Farmers discussed these ideas at various scales, thinking about management at the level of farm,
household, state and globe.
Theme

Example quote

Keeping the farm in
agricultural
production

“we think about what's going to keep that farm in agriculture, because there's
so many things working to take that farm out of agriculture.”

Economic viability
constrains other
goals

“What can we do with what we have? For us its often finances that are limiting
things, or our time, and that's often in relationship to finances”

Quality of life

“There's a quality of life component, like you were talking about the tractor
time.

Decisions are
influenced by
complexity/multiple
factors

“I think there’s a diversity of considerations related to quality of life,
economics, and ecosystem integrity on the land, and perhaps things like how
would it affect, you know, future production capacity. Would taking on this
management affect other aspects of management on the farm, etc. So, it's not
simple question to, to answer but there’s a bunch of factors.”

Ecological
stewardship

“a management decision would have to meet certain criteria. One would be
that it would need to enhance our livelihood, so it would be an economic
decision but with all of that we also think about the impact we're having on
the ecosystem around us. So, we take that into account because we are not
going to trade one off for the other, but it has to be both.”

Regulatory pressure

“another one is regulatory and that's depending: One, on if we sort of respect
the regulation in place. Two, like how likely are we gonna get in trouble for
this? If you don't respect the regulation. Three how much cost to comply.
Those are like those other questions that affect our management decisions.”

Farm heir & legacy

“there's so many things because we were also in transition to the next
generation, my son and his wife, it's been expansion, expansion”

Soil health & tillage
practices

“as time has gone on, we've been first interested in soil health because it
would result in animal health and quality food and had hoped that the market
would reward that.”

Pests & disease

“Swede midge and leek moth has really rocked our world. And um, you know,
we talk about using less plastic, but so many of our crops have to use insect
netting now and we don't like buying that stuff, but it's either that or have
your yield go down significantly.”

Reducing inputs &
using less trash
(conservation ethic)

“the choice whether to use black plastic mulch and the amount of trash that I
generate, is pretty significant for the size operation that I run. Um, yeah, so
there's like a direct kind of financial, ecological trade-off there that I kind of
grapple with every year and the climate change issues coming into the climate
change play directly into my choices around black plastic and row cover, all the
types of high tunnels and stuff, that I rely on that type of controlling for”

Animal health

“highest priority for me is animal health and welfare”
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“When describing ecosystem services, farmers discussed their interconnected
nature, and how management decisions can mean uncertain trade-offs among outcomes.
As one farmer reflected; “I have greatly improved water quality around my operation,
but it might've drastically increased the emissions.” Conversations also revealed a
consistent perception of synergy among ecosystem service provisioning that was linked
by soil health. One farmer explained; “It all goes back to focusing on the soil and what
does the soil need, and then it all falls into place.” Another farmer described this logic
of how managing for soil health aligns joint management of farm goals and ecosystem
services more specifically, saying; “I think for us it’s just all about building that soil, and
that drives productivity, that drives clean water, after it drives sequestration, and it all
goes towards the same goal.”
Farmers’ knowledge of ecosystem function aligns with scientific understandings
of how soil organic matter is foundational to natural soil processes that have benefits to
people and the surrounding ecosystem. Farmers understand that increasing soil organic
matter is the primary way their soils can serve as a carbon sink, and they see this as one
way they can contribute to addressing the global climate crisis. Although, when farmers
talked about mitigating greenhouse gas emissions and addressing drivers of climate
change, many considered reducing fuel consumption, driving their tractors less,
establishing perennial plants, and using less inputs as most important. Farmers also
valued soil organic matter as a means to increase climate resilience, by enhancing the
water holding capacity of soils during drought, protecting from erosion during times of
heavy precipitation and improving infiltration and internal drainage. Farmers often used
this as a heuristic for thinking about how their farm interacts with nutrient flows into
waterbodies.
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Challenges
In the following section, we describe concerns and perceived challenges that may
inhibit participation in PES programs. This includes distrust of government, perceived
unfairness in compensation, trust in information sources, and skepticism about impact.
Conversations regarding water quality stewardship brought up tensions among
farmers, and distrust of state government. Most farmers shared frustration about how
water quality regulations were enacted in the state. Dairy farmers described feeling
demonized in the eyes of the community, and frustrated that some practice-based
regulations they have to comply with may have little impact on nutrient flows off their
farms. Some based their distrust and dissatisfaction with policy makers on previous
experiences. One dairy farmer connected his past experience with concerns about new
programs, saying; “You'd get on the bandwagon with them, and they change the rules
and regulations down the road where farmers are gonna bow out or make it tougher for
them.”

Some of the smaller and diversified farmers perceived that water quality

regulations were not being enforced strictly enough on the larger dairy farms, and were
frustrated that pesticide and chemical pollutants are not addressed by water quality
policies. As one farmer put it; “I'm upset that the conversation about water quality in
Vermont is always just pretty much about phosphorus. Not about herbicides. We have
these water-soluble chemicals that are getting into our surface and ground water. People
are not paying attention to that, they are unseen, but I'm pretty sure that they have a lot
of ecological impacts and a lot of health impacts on humans”
Some farmers reported dissatisfaction with new information about negative
environmental implications of farm management, which contradicted their personal
understandings of agroecosystem functioning. One farmer also described what we
interpret as being confirmation bias. This farmer explained conflicting science about the
impact of grazing practices, and then described wanting to discern information that was
rigorous, from trusted sources, and that they “feel good about”. While this phenomenon
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occurred only once during our limited study, it suggests that confirmation bias may
influence farmers perceptions of science-based information in this community.
Perceived unfairness was a frequently mentioned perception of existing
programs, and potential new programs.

Participants understood that the way the

programs are structured may benefit some farmers more than others. It is often farmers
who fail to implement BMPs on their own, that qualify for support. Many lamented the
way many existing programs are designed to put more money and resources towards
farms with bigger problems. Participants expressed a perspective that some conservation
programs have incentivized farmers to create environmental problems in order to qualify
for enrollment. A dairy farmer described the way he sees some of the program currently
working; “if you've got a violation on your farm there's money for that. But if you want
to do something that's better for your farm, but you're not in violation, you don't get no
money because you're not in violation yet. So, you almost have to do it to be in violation,
so you can get some funding, which is stupid.”
Much of the discussion revealed skepticism from farmers about PES having real
impact on either ecological or economic outcomes. Most growers do not see PES as a
silver bullet for the agricultural economy, and fear payments may not make enough of a
difference to keep them competitive in their markets. One farmer worried; “is it going
to save the farm or not?” Other farmers lamented that a PES would be unlikely to support
the transition towards a more equitable, just and ecologically sound food system that they
see as important. For example, a farmer said, “I'm just concerned, I want to know that
those systems are actually functional at reducing carbon emissions, and redistributing
wealth.”
Opportunities
Here we share the opportunities and resource needs described by farmers during
the focus groups which reveal valuable insights for a path forward. Farmers’ discussed
the potential for a payment for ecosystem services with cautious optimism. Discussions
highlighted a shared hope that a PES would mitigate structural financial pressures on
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farm viability by adding an additional income stream for farms, and enhance public trust
by recognizing the dedication of many farmers to environmental stewardship.
Farmers perceived a new PES as an opportunity to incentivize multiple ecosystem
services, create a more holistic conversation about water quality, and be acknowledged
for the many public benefits that come from their farms.
Farmers in our study frequently expressed a desire for more contextualized
information that matches their information needs for farm management decisions. Site
and soil characteristics are perceived as important in influencing environmental
outcomes, and there was a high level of interest in measurement, knowing what kind of
impact their farm is having on the environment, and to what extent. One farmer remarked,
“I bet it's really specific farm by farm.” Participants in our study expressed desire to be
confident that changes made would actually contribute to positive, measurable outcomes.
A PES program was described as hopefully offering more information that would verify
that management changes are “going to have an impact, and that the practice will have
the impact its promising,” to society, not just the farm.
Farmers want more information about the carbon budgets and impacts for
practices and specific sites, and they described wanting credible information delivered
from trusted people and advice from experts about how to shift management to reduce
their carbon footprint or sequester carbon. Farmers desired accurate measurements of
the specific impact their farm was having on environmental outcomes, in the form of onfarm monitoring, or even a “carbon auditor” who could come and assess their farm’s
carbon balance. If farmers had regionally or site-specific information about
environmental outcomes from their farm management, they indicated that they would
use that data to inform decisions. One farmer described how trusted information would
inspire farmers to do more, saying “If that's the case, everybody should be doing it and
you should be going at it in a, in a wild way, but we need to be verified.”
Information sources also have important implications for management changes-farmers indicated that they are more likely to consider and use information delivered by
trusted individuals with whom they have developed relationships. One farmer contested
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the expertise from sources they didn’t have personal relationships with, but described
increased willingness to accept this kind of information if it was recommended or
delivered by trusted people. He said,
“If I walk to you guys, and you guys are like, ‘yeah this is really good science, this is really good
research. I really think you should follow this’. That would have a lot more weight to me than reading
a random article.”

Many farmers described a need for adequate financial compensation from a PES
in order to participate. This was framed as a need to reduce risk, to cover the time and
clerical costs of completing paperwork, and to cover opportunity costs. This reflected the
financially constrained decision-making context discussion in the first portion of the
focus groups. The burden of time spent on paperwork was one of the most frequently
mentioned concerns. As one farmer described; “I think there'd be a lot of questions on
how much paperwork is there.” Another remarked, “Even if you break even, then you
got to do five hours’ worth of paperwork…. I'm not donating five hours of my time…
those hours are hard to come by now”. To illustrate the way adequate payment levels
can be critical resources to help actualize conservation implementation for ecosystem
services, one farmer explained;
“Those financial incentives, when they come in … that can be the tipping point. And that can be the
thing that, whether it's water quality or greenhouse gas emissions or pollinator habitat or something
else, that you already want to do this... those can be the things that kind of put you over the top to
be able to implement or initiate different practices or modify practices.”

Many farmers remarked on how important it be that a new PES program be
compatible with, not replace, conservation incentives that are already working well and
support them in their current capacity to provide ecosystem services from their
landscapes. This includes organic certification, land appraisal tax incentives, a variety
of easement programs, federal cost shares and state water quality improvement grants.
Some farmers described the Vermont organic certification program as a good working
model of an independent agency that does evaluation, verification & certification. Others
talked about how the NRCS programs could expand their funding pools and structures to
accommodate evolving goals associated with ecosystem services.
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Smaller farms

described how programs that cover establishment costs are critical because they have
limited capital. Referring to programs that offer road-front signage for farmers
acknowledging their conservation investments without payments, farmers said that
recognition is not enough. “I can make my own sign,” said one farmer.
Our conversations with farmers in Vermont revealed diverse perceptions of the
values imparted by a PES program, which present opportunities for framing and design
(Table 3). When talking about a potential PES program, farmers in our focus groups
expressed a desire to see a program framed around ecosystem services support the
viability of farmers who have already invested time and capital into environmental
stewardship. One farmer described another farmer who already invests time and money
in stewardship, saying with a sense of fairness; “My thoughts are that he's been doing a
good job and he's probably invested a lot of his own money to do it. … I think he's the
guy who thinks should see the better benefit.”
Some farmers described PES as providing market values, describing it as a
mechanism for providing an additional income stream, and as a way to support farm
viability and persistence in the face of low food prices and commodity market failures.
PES programs were also described as mechanisms to redistribute the externalized cost of
environmental impacts in agriculture to food corporations. Other farmers described PES
as imparting an ecosystem services value, calling it a payment that was directly linked to
quantifiable environmental benefits to society and the surrounding community. Finally,
some farmers described it as providing compensation for their stewardship, and their
relationship with the agroecosystem, which reflected relational values. PES programs
designed to support all of these values may garner participation from more farmers (Table
3). However, while many farmers find the market valuation appealing, some farmers
perceived monetary values to be at odds with an intrinsic stewardship ethic. Finding the
concept of monetizing nature, a bit perverse, one dairy farmer reflected, “How can you
put a price on the environment?”
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Table 3. Values imparted by PES, as described by Vermont farmers. Comparative analysis with
Chapman et al. (2020) reveals that perspectives in our study context included the same three
primary types of PES values described in their study (market, ecosystem services and relational).
The relational and market values which emerged in our study, differed slightly when compared to
Chapman et al. (2020).

Value

Thematic
code

Example quote

Market
value

Opportunity
cost

You're going to have a result on an acre of land and you lose
half your production to get that… we gotta be compensated
for the loss of crop, or whatever we did. You know, I just
want to help the environment. That's one thing, but…

Income

The farmers have been price takers, not price setters, so they
have to absorb all the additional costs. So, we're trying to
bring money into that watershed to absorb the costs of the
manure injection, absorb the cost of some of these.

Equitable
food system

That's one of the steps of making this more of a just food
system is actually taking into account all the yields and all
the externalities.

Ecosystem Public as
services
beneficiaries
value

We try to think about like what are the diversity of benefits
that we can grow in our farming operation or provide, and
water quality is one of them.

Compensation

Relational
value

Stewardship
ethic as
motivation

Any kind of support or additional money for ecological
services, for doing the right thing, for the soil, for water
quality, for emissions. We know we ought to be paying people
to do those services.
That's like the tail that wags the dog for us, this idea of
reducing our carbon footprint or even how we can sequester
carbon. That's how we're really making our decisions…
That's really the paramount question for us because we feel
like as stewards of the land, the problems we're seeing in the
world today are all based on land management, and that's
where the solutions are going to come from, so we try to lead
in that area and model that.

23

Discussion
Our study explored Vermont farmers’ perspectives on decision-making,
ecosystem services and government run PES using an inductive qualitative approach.
From the perspectives of participants in our study, state sponsored PES programs could
support them in enhancing ecosystem services from their farms by providing sufficient
financial support for management changes and delivering information about their
agroecosystem performance. However, confirmation bias and ecological complexity
present communication and program design challenges for the performance-based PES
programs described by participants. Our study identified trust and perceived fairness as
important elements of a new program that may influence participation by farmers. PES
programs should carefully consider how to build trust, fairness, information and adequate
compensation in order to optimize participation.
We found that Vermont farmers consider diverse factors at multiple scales when
making management decisions, often weighing both long-term and short-term impacts,
and nimbly adjusting to keep their business afloat in light of unexpected and new
challenges. Our findings align with recommendations by Teixeira et al. (2018) and
Carlisle (2016) that conservation incentive programs should consider diverse factors that
make up the decision-making context.
Our study found economic constraints to be one of the most important factors
governing farmers’ decision-making complex. This diverges from recent synthesis of
factors influencing the adoption of soil health practices, which found economic factors
to be secondary (Carlisle 2016). However, a dominating theme of perceived limits to
capability does align with some previous research (Flora, Flora, and Gasteyer 2018,
Risbey et al. 1999, Roesch-Mcnally et al. 2018). Our research was conducted at a time
when milk prices were below the cost of production for dairy farmers (Ross et al. 2018).
Stresses from commodity market fluxuations may change the extent to which economic
factors influence management decisions and conservation program participation. Future
research should explore the extent to which external and structural factors limit famer
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decision making and strategies which are used to address this constraint. Low incentive
cost share payment levels have previously been linked to under-adoption among Vermont
farmers (Conner et al. 2016), and our findings also emphasize that adequate payment
levels will influence farmers willingness to participate in a new PES program and
enhance their capacity to invest in ecosystem services provisioning.
Farmers’ desire to reward farmers who have already been good stewards is
potentially at odds with their desire to ensure a state sponsored program achieves true
additionality. Most ecosystem services from farms have a maximum threshold, such as
soil carbon and water infiltration, and those farmers who have not previously invested in
conservation practices likely have greater possible gains to make in increasing the supply
of these ecosystem services. PES programs which prioritize measured environmental
gains make greater payments to these farms with greater resource concerns. The lack of
programs which prioritize rewarding farmers who have already independently invested
in increased supply of ecosystem services has resulted in a sense of unfairness among
farmers, which may impact participation. Perceptions of fairness in payment structure
and eligibility are known to influence participation (Miller, Caplow, and Leslie 2012,
Oldekop et al. 2016, van Noordwijk and Leimona 2010). PES programs must weigh
rural development goals against program efficiency, and make hard decisions about
which future of farming the program will invest in (Salzman et al. 2018). In Vermont,
this implies two different directions for state sponsored PES program implementation—
either a program which invests in the financial viability of farmers who are proactive
about stewardship, or one which invests in greater environmental gains in the near term.
Building differentiated payments into the program design to address this, as suggested
for Vermont by Hammond Wagner et al. (2019), would address alleviate this trade-off,
but could contribute to additional administrative work load or reduced program
efficiency.
Along with financial constraints, farmers in our study described information as
among the most important factors limiting their management for enhanced ecosystem
services. This aligns with research by Page and Bellotti (2015), who found inadequate
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information impeded participation in conservation schemes. Participants in our study
shared a confidence in knowledge about how some management decisions would cause
synergies or trade-offs in ecosystem services from their landscapes, and expressed a
desire for site-specific information on the extent to which their management changes
influence ecosystem service provisioning from their agroecosystem. Information on
agroecosystem function can be a valuable non-monetary benefit for farmers from PES
which may enhance participation and inform adaptive decision making to enhance
ecosystem service provisioning (Swinton et al. 2007). Farmers’ interest in context
specific information and curiosity in the measured impact of management changes on
their farm suggest that a performance-based PES program will appeal to farmers desire
for data on ecosystem service provisioning from their landscape.
Farmers in our study use a heuristic for understanding ecosystem service
provisioning which places soil health as central to synergizing multiple beneficial
outcomes, including enhanced productivity, resilience to extreme weather, carbon
sequestration and water filtration.

While much of this aligns with science-based

understandings of agroecosystem functioning (Masciandaro et al. 2018), a recent body
of research indicates that enhances in soil health can be at odds with phosphorus water
quality outcomes (Duncan et al. 2019). Our research identified potential for confirmation
bias among farmers, which may make communicating these complexities and tradeoffs
challenging. Our research finds that farmers are hesitant to accept information that
counters their existing beliefs, but are more willing to accept it when delivered by
extension professionals with whom they have established trusting relationships. This
aligns with other research on how trust plays into the role of extension in the delivery of
challenging information (Easton and Faulkner 2016; Brugger and Crimmins 2015; Wood
et al. 2014; Carolan 2006). Together, this has a few important implications. First,
extension professionals who have established trusted relationships with farmers are an
important asset to the socio-ecological context, with a unique position to advance change
in land management by being able to deliver science-based knowledge that may make
important and needed changes for environmental outcomes. Second, delivering
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information which counters farmers’ perceptions of agroecosystem functioning may be
risky for intermediaries who have not established trust yet. PES participation is likely to
be influenced by perceptions of trustworthiness in the program vehicle, and distrust of
regulatory agencies is likely to deter farmer participation, implying that trust building
should be an important focus of PES design.
A sense of stewardship and deep caretaking is embedded in the agricultural
livelihoods of Vermont farmers, and though participants expressed this sense of
caretaking and stewardship to different scales and spheres of influence, it weaves a
common thread through their considerations of management decisions, motivation for
ecosystem service provisioning, and participation in PES. Our research also found
possible differentiation in perceived PES goals and values among Vermont farmers.
Divergent goals for PES programs expressed by the study participants indicates that
particular framings and program designs of could appeal to subsets of farmers.
Thoughtful design and communication which takes this into account can ensure a
program achieves participation of target farmers. Our work aligns with that of Chapman
et al. (2020) in finding that stewardship and relational values are important influences on
farmers’ decisions to participate in PES and engage in conservation behaviors, and
complementary to financial value motivations. Thus, emphasizing both market and
relational values may enhance broader appeal and participation of a PES.
Importantly, the exiting stewardship motivations which emerged in our research
are potentially at risk of being crowded out by financial motivations emphasized by a
PES. PES programs have been documented to sometimes replace or overwhelm
stewardship motivations with financial motivations (Rode et al. 2015; Chan et al. 2017).
This is especially concerning if participants are being paid to pollute less, rather than
generate new ecosystem services, because they may feel entitled to pollute when
financial payments are no longer made (Chan et al. 2017). Framing a program as a reward
for stewardship, rather than payment for pollution, could address this risk of motivational
crowding out. Chan et al. (2017) suggest that PES programs may be designed deliberately
to crowd in altruistic motivations, reinforce stewardship ethics as social norms and secure
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long-term sustainability through careful program framing and a focus on community
scale additionality, rather than individual actions. These policy implications are
particularly relevant to our findings and context. A government run PES in Vermont
which emphasizes stewardship norms rather than payment for reduced phosphorus
pollution may better secure long-term stewardship motivations and behaviors among
famers. To best address these considerations, further research should explore how key
program design decisions, stakeholder input processes and program framing influence
motivational crowing out among farmers prior to the implementation of large-scale PES
programs. Farmer surveys and interviews associated with scenario-based workshops or
pilot programs are well-suited to explore this potential.
Farmers in our study expressed preferences for PES programs to both incorporate
multiple ecosystem services and reduce paperwork. However, these preferences have
contradictory implications for PES program design. Additional ecosystem services in a
program will require additional paperwork. Paperwork had been identified in previous
research as one of the most important factors limits participation in conservation
schemes, and has emerged in research with Vermont farmers as well (Page and Bellotti
2015; Niles n.d.). The vehicle for a PES program will be burdened with balancing these
contradictory preferences. Successfully striking a balance of farmers preferences with
program efficiency, and framing a program around farmers’ needs and values could
overcome prior experiences that engendered distrust of state government.
Taking an action-oriented approach to research on agricultural sustainability
(Mendez et al. 2015) has revealed important elements of program design, which will
better meet farmers’ needs and meet program goals. However, our research found many
contradictions among goals and revealed that it will be challenging to design a PES that
meets all goals, or benefits all farmers. While our focus groups have been helpful in
drawing out farmers perspectives on PES as a community development and policy tool,
they fall short of the action oriented and emancipatory vision of Lewin and Friere
(Marrow 1977; Friere 1972). From here, the next step is to engaging farmers in the actual
program design process. This may better address challenging decisions about which
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kinds of farmers are rewarded by a new program and how equity is balanced with
efficiency. Additionally, based on the findings of our research, evidence of confirmation
bias among farmers suggests that the democratization of expertise may need limits, and
should be balanced by science-based perspectives.
Implications
PES policy design is likely to impact the existing stewardship values and
motivations which influence conservation management decisions by farmers. The risk of
financial motivations overwhelming stewardship motivations should be deliberately
avoided in program design and policy development, in order to preserve the altruistic
motivations that may outlast a new program. PES presents an opportunity for policy
design and extension professionals to coordinate in strategically reinforcing and
galvanizing stewardship norms among farmers through program framing and
differentiated payment structures that reward high levels of stewardship.
Performance-based PES will appeal to farmers’ desire for more information about
agroecosystem dynamics. Unless this information is delivered by trusted intermediaries,
confirmation bias may cause farmers to distrust or reject a program that exposes the
complexity and tradeoffs in ecosystem service supply. This implies that investment in
extension and partnership with trusted intermediaries will be crucial to the success of a
performance-based program.
Although evidence of confirmation bias emerged only once in our research, it
suggests that some farmers may be making management decisions based only on
information that aligns with their existing beliefs. Our research implies that investments
in relationship building by extension professionals are crucial to supporting the
incorporation of science-based information that is counter to farmers existing beliefs or
may paint their management in a bad light.
Finally, our research indicates that many farmers in Vermont need adequate
compensation in order to make management changes, and transitions towards increased
sustainability and ecosystem services supply in agriculture will require significant capital
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or market changes. PES may be only one tool among many to enhance farmer’s capacity
to make management changes, and should be considered alongside other instruments,
like existing cost-share programs, market development and tax incentives.
Future research
Our study was exploratory in nature and contributes valuable insights that should
be more extensively explored through interviews and surveys. Interviews could further
explore the types of values farmers perceive from PES, and explore how those perceived
values may relate to farmer typologies. This would better inform program differentiation
by farmer context. Surveys or interviews conducted before and after a pilot program or
scenario-building workshop are suited to identify the outreach and program design
elements that may influence changes in values and motivations. A follow up survey with
a larger samples size could represent the perspectives of all Vermont farmers and identify
the minimum threshold for PES payment levels. This could be framed as the % of cost
of adoption that should be covered, or what payment per acre should be offered. A
representative survey should also ask direct questions about equity and tradeoffs in
program design, such as how to balance paperwork and reward multiple ecosystem
services. And finally, such a study could pointedly ask farmers to identify characteristics
of PES program design which would deter them from enrollment.
While this research did not provide generalizable, predictive information, it offers
insight, and some lessons, into the most important factors influencing conservation
adoption among farmers in Vermont’s current context, which could apply to developing
PES in New England and beyond. The information has a high level of relevance to current
developments in conservation incentive programs in the United States, and elsewhere.
This exploratory qualitative study identifies important themes and nuances of debate,
which sets the foundation for follow-up quantitative explanatory studies.

30

Limitations
Our sample includes a breadth of farming production contexts and perspectives
in Vermont, but is less gender balanced than the state’s farming population, 42% of
whom are female (NASS). However, future research could seek to engage a more
representative and diverse sample, including grain growers, poultry farmers. Research
indicates that three focus groups are adequate to identify important themes, and 90% of
all themes, from a population (Guest, Namey, and McKenna 2017), thus we consider our
study adequate in offering insight into Vermont farmers’ perspectives on our research
topics. Due to selection bias of participants it is not appropriate to generalize our
voluntary focus group results to the entire population of US farmers. However, our
research does provide interesting insight in the phenomena of farmer decision-making
and perspectives on PES program design that will be of interest to local policy makers.

Conclusion
We explored factors that influence participation in state-sponsored PES through
focus groups with Vermont farmers.

Soil health is perceived to deliver multiple

ecosystem service co-benefits. It offers a positive, unifying heuristic for farmers to
understanding ecosystem service provisioning. However, policy built around farmers
soil health heuristic is likely to be at odds with the reality of complexity of ecosystem
service supply, and potentially generate unintended ecosystem dis-services.
Alternatively, policy built to reflect the real complexity of ecosystem service supply from
agriculture is likely to be both complex and at odds with farmers’ understandings. Given
the confirmation bias identified in this study, a program based on science that is at odds
with farmers understandings will have additional challenges to farmer participation.
Our conversations revealed a strong stewardship ethic and a diversity of
perceptions about the values imparted by a PES program. Program design and framing
which reinforces stewardship may preserve this altruistic motivation, whereas a program
designed and framed around financial compensation may crowd out stewardship. Long
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term sustainability, and potentially ecological impact, will be best served by a program
which preserves and galvanizes long term stewardship among farmers, but this may be
at odds with immediate program efficiency in meeting specific environmental goals.
Although farmers expressed a desire for more information about ecosystem
services performance, our study identified the potential for tradeoffs, ecological
complexity and confirmation bias to confound the use of this information. Confirmation
bias and ecological complexity present communication and program design challenges
for PES programs. Trusted intermediaries emerged as critical to addressing challenges
of confirmation bias and the complexity of ecosystem service provisioning from farms.
Extension professionals are the trusted advisors who supported farmers in accepting and
understanding challenging information, and the key to successful addressing the thornier
challenegs in PES that your study exposed.
We found that participation in PES could be enhanced by programs that appeal
to stewardship motivations, deliver adequate compensation to enable management
changes, use trusted intermediaries to communicate, and deliver context-specific
information on how farm management impacts measurable ecosystem service
provisioning. Designing a program to that meets all of farmers’ stated goals is unlikely,
as many of them are contradictory. Thus PES development must make hard decisions
about priorities and desired impact.
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CHAPTER 3. MEASURING THE SUPPLY OF ECOSYSTEM
SERVICES FROM ALTERNATIVE SOIL & NUTRIENT
MANAGEMENT PRACTICES: A TRANSDISCIPLINARY, FIELDSCALE APPROACH
Abstract:
Soil and nutrient management strategies in agricultural landscapes have the
potential to both enhance ecosystem services and improve climate resilience. The joint
production of multiple ecosystem services from agricultural landscapes is a goal
expressed both by farmers, and policy makers on behalf of the public, yet farm
management decisions often present tradeoffs between desired outcomes. Our research
team set out to evaluate promising soil management strategies that might protect water
quality, increase landscape flood resiliency, and mitigate agriculture’s contribution to
climate change, all while remaining economically viable. In this paper, we share three
things. First, we present a holistic assessment of two alternative soil and nutrient
management trials, to highlight tradeoffs and implications for ecosystem service supply.
One trial evaluated the use of an aerator prior to manure spreading in haylands. The other
trail evaluated the stacked use of manure injection, cover crops, and reduced tillage in
corn silage production. Second, we use semi-structured interview data to identify social
and economic factors that influence decision-making regarding best management
practices. Third, we use causal loop diagramming to illustrate feedbacks from ecosystem
services on decision-making in these case studies. We measure multiple pathways of
impact on ecosystem service supply and find that the unseen pathways measured in our
study are the least understood, but potentially the most important in determining the
impact of a practice on ecosystem services supply. Subsurface nutrient pathways are
understudied, and our research indicates they may make up 64% to 92% of hydrologic
phosphorus export from a field when combined with surface water runoff pathways.
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Greenhouse gas flux from the soil surface constituted 45% to 75% of all contributions to
the equivalent CO2 footprint of the practices we evaluated, which outweighed gains in
soil carbon in some fields, resulting in a net increase in greenhouse gas emissions.
Farmers in our study identified interest in better understanding these unseen nutrient
pathways in their agroecosystems and expressed personal motivation to enhance climate
and clean water regulation from their agroecosystems. They also identified that financial
considerations often dominate decision-making and named conservation incentive
programs as influential in their decisions to adopt recommended practices. The
contribution of our study is to shed light on the relationships and complexity for other
researchers who evaluate promising agricultural management strategies that address
pressing ecological crises. Overall, our research points to the need for more
comprehensive understandings of agroecosystem performance that include hard to
measure pathways for socially important outcomes. Our integrative analysis brings to the
fore the importance of payment for ecosystem services programs to support the adoption
of practices which provide benefits to society.
Keywords: agroecology, BMP, ecosystem services, agriculture, decisions, trade-offs,
social-ecological systems

Introduction
Reducing the negative environmental impacts of agriculture on the planet
presents one of the most pressing sustainability challenges of the 21st century (Foley et
al. 2011). Ecosystem services provides a useful framework for understanding and
analyzing the diversity of socially relevant outcomes from changing agroecosystem
management toward goals of sustainability (Power 2010, Zhang et al. 2007, Millennium
Ecosystem Assessment 2005). Ecosystem services represent a dynamic of supply and
demand that describe the way ecosystems contribute to the wellbeing of human
beneficiaries. Agriculture is primarily managed to maximize provisioning ecosystem
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services (food, fiber, etc.) but is dependent on, and impacts, the performance of a
diversity of other ecosystem services and disservices, like clean water, climate regulation,
and non-material benefits. Understanding the complex relationships among ecosystem
services is critical to meeting growing demands for natural resources and simultaneously
sustaining essential ecosystem functions and resilience (Bennett et al., 2009; Cord et al.,
2017).
Alternative approaches to agricultural management have the potential to increase
the supply of ecosystem services, compared to conventional agricultural production
methods (Kremen, Iles, and Bacon 2012). Extensive research in the fields of agroecology
and conservation agriculture suggest that agricultural best management practices (BMPs)
enhance ecosystem services primarily by increasing biodiversity, soil organic matter and
reducing agricultural runoff (e.g. Palm et al. 2014, Pretty et al. 2019, Minasny et al.
2017). Agroecological principles are extended as lessons that should transfer across
contexts, to guide practitioners towards agroecological outcomes of optimal social and
ecological harmony. Soil health is among these principles (HLPE 2019). Yet, while the
potential for farm management to provide many society-scale benefits exists, much of
the aggregated and on-farm research points to a more complex and context specific
relationship among ecosystem service outcomes (Lal 2016, Palm et al. 2014, Duncan et
al. 2019). Notably, the link between water quality and soil health is tenuous, and research
in the last two decades has significantly problematized prior conventions about this
(Dodd and Sharpley 2016, Duncan et al. 2019). Specifically, gains in soil health can also
increase subsurface nutrient flows into surface water through the development of
preferential flow paths, and these outcomes may change dynamically over longer
management time periods (Jarvie et al. 2017, Macdonald et al. 2016). Additionally, while
organic matter additions may increase soil carbon and the associated benefits of increases
in soil health, CO2 and N2O fluxes from the soil surface have been shown to increase due
to manure and fertilizer application practices (Ozlu and Kumar 2018, Adair et al. 2019).
Changes to soil and nutrient management strategies, both small and large, have the
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potential to increase, attenuate or reverse negative outcomes (Adair et al., 2019; Duncan
et al., 2019; Osmond et al., 2012; Power, 2010; Reicosky, 1997; Zhou et al., 2017).
The interconnected nature of ecosystem services in agroecosystems means that
both tradeoffs and synergies are possible, where changes in one ecosystem service will
cause changes in another (Cord et al. 2017, Power 2010). Assessments of trade-offs and
synergies among ecosystem services from farm management changes have primarily
focused on single practices or single ecosystem services, and are often conducted using
modeling to simulate environmental outcomes, though a few studies have advanced the
knowledge base of bundled, on farm assessments (Schipanski et al. 2014, Boeraeve et al.
2020). In order to consider the full suite of trade-offs and synergies, the delivery of
ecosystem services from farms should be evaluated in a systems context (Robertson et
al. 2014).
Advancements in approaches to agroecological inquiry emphasize the integration
of understanding the contextualized and complex challenges facing farmers as they seek
to achieve sustainability (eg. (Francis et al. 2003; Méndez, Bacon, and Cohen 2013).
Broadly, the incorporation of farmer and stakeholder perspectives can improve
understandings of management and complexity in ecosystem services supply (Schipanski
et al. 2014). More specifically, measuring the delivery of ecosystem services through a
transdisciplinary, participatory approach that integrates qualitative and quantitative
knowledge could support an agroecological transition toward sustainability; such an
approach has the potential to understand both the social and ecological drivers of change,
as well as on-the ground implementation (Dendoncker et al. 2018, Cord et al. 2017,
Drinkwater 2002, Johnson et al. 2012). This is especially important in agricultural
contexts, where farm financial viability is part of the decision-making context and
ecosystem services supply may not be the dominant, or only, driver for decision-making.
Farmers’ decisions are shaped by a diversity of factors at multiple scales (White
and Selfa 2013). Although decisions are individual and context specific, social theories
of farmer behavior are useful in understanding the factors that may drive decision-making
in each context. Perceived attributes of a new management practice are some of the most
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important influences on adoption in the widely applied Diffusion of Innovations Theory
(Rogers 2003). This includes the perceived complexity, relative advantage, trailability,
observability and compatibility of an innovation (Wejnert, 2002). These attributes are
considered alongside environmental and contextual factors, and socially embedded.
Widespread adoption of practices that enhance ecosystem services to society is only
possible if those practices appeal to the salient and dominant decision-making drivers.
Updated models of the Diffusion of Innovations Theory have emphasized the importance
of including environmental health and environmental benefits in adoption decisions
(White and Selfa 2013). Integrating research on farmer decision making with ecosystem
services outcomes from management may help identify feedbacks and connections
between social and ecological elements of farm management. Further, integrating
research on the social and economic dimensions of agroecosystem management with
evaluations of ecosystem services provisioning can offer unique transdisciplinary
insights that would not be possible from ecological or social research alone (Liu et al.
2007).
Our study addresses the call for methodological advancements and integrated
research by connecting our assessment of multiple ecosystem services, including farm
management practices with complementary, contextual social and economic analysis of
decision-making. Here we measure the supply of eight ecosystem services from two
dominant dairy agroecosystems in Vermont, at the field scale, and compare the way water
quality best management practices influence the performance of those ecosystem
services. We used public policy initiatives that reveal demand for ecosystem services
from agricultural landscapes in Vermont to select the ecosystem services assessed. In
2019, Act 83, Section 3 of the Vermont legislature outlined a directive to enhance specific
ecosystem services from agriculture with multiple scales of beneficiaries.

These

ecosystem services include soil health, climate resilience, carbon storage, storm water
storage and mitigation of agricultural runoff to surface waters (VAAFM 2020). The
multi-stakeholder group charged with designing implementation of the policy further
defined the importance of investing in soil health as a foundation for multiple ecosystem
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services and prioritized clean water, storm water mitigation and climate regulation via
carbon sequestration, as the most important for program focus (VAAFM 2020). This
ecosystem services incentive initiative was implemented against the backdrop of existing
regulatory pressure to address phosphorus loading from agriculture in the western portion
of the state, which drains to the Lake Champlain basin (EPA 2016). Together, the
working landscape maintained by dairy farmers and a clean environment are essential to
Vermont’s character, highly valued by long-time residents and tourists, and are the
foundations for many values and benefits (Sherman, 2009). Public surveys conducted in
the state of Vermont indicate that working dairy landscapes contribute to the public’s
sense of place & identity, and thus provide cultural ecosystem services to the public as
beneficiaries (Sevoian 2016; VPR & VermontPBS, 2019; Moser et al., 2008).
Although policies seek to enhance joint ecosystem services in Vermont, few
research projects have tried to quantify the extent to which the best management practices
being used in Vermont influence ecosystem service provisioning, how trade-offs between
water quality, climate regulation and soil health are perceived by farmers, and how those
perceptions influence decision-making. Using a case study approach, our research fills
this gap by integrating edge-of field water monitoring, soil tests, socioeconomic analysis
and greenhouse gas measurements, as transdisciplinary inquiry1 into ecosystem services
and climate change resilience in the dominant agroecosystems of the Northeastern US.
Our study was conducted at the field scale, and offers valuable insights to emerging
conservation incentive ideas from state policy makers who are looking to reward farmers
for ecosystem provisioning at the field and farm scale.

1

transdisciplinary approaches can be defined as those that value and integrate different types of
knowledge systems, which can include scientific or academic disciplines, as well as different types of
knowledge systems (i.e. experiential, local, indigenous, etc.), as well as adopt a solutions oriented
focus. (Mendez et al 2013)
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Methods
Summary
Our study compares the magnitude of ecosystem services provided by alternative
management systems compared to current, or conventional, management approaches in
the region for two types of dairy feed production, hay and corn silage. Alternative
management systems represent a distinct shift from conventional management practices
for the region, and were selected based on evidence that the system had potential to
increase provisioning of ecosystem services. Through collaborations with farmers, we
confirmed mutually-agreeable management plans for the study sites to be adhered to for
the duration of the project. The two trials of alternative soil and nutrient management
strategies were initiated in partnership with Vermont farmers in 2012, and concluded in
2019. Information on social and economic dimensions of the study were also collected
from our farmers partners, and other farmers in Vermont, to support transdisciplinary
analysis.
In this paper we begin by synthesizing data to assess trade-offs in ecosystem
services. First, we interpret the complete data from these two on-farm trials as ecosystem
services. Then, we estimate the relative magnitude and directionality of ecosystem
service provisioning at the field scale for the two trials. Next, we triangulate economic
data and social science research to identify drivers of management decisions for each
farm trial. Then, we integrate the ecosystem services assessment with the complementary
social and economic using causal loop diagrams to build a contextually specific social
ecological systems concept map that highlights drivers and feedbacks into management
decisions that influence ecosystem services from the dominant agroecosystems in
Vermont.
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Study Area –field-scale paired watersheds
A field-scale, paired watershed study designed was implemented to evaluate the
way soil and nutrient management practices influence a suite of outcomes on two dairy
farms in Vermont’s portion of the Lake Champlain Basin, in the northeastern US. Paired
watershed studies are used to evaluate hydrologic and water quality outcomes from land
management changes by comparing a control and treatment watershed with identical, or
close to identical, characteristics (EPA handbook). Our on-farm, field-scale study used
adjacent fields with shared management history, landscape characteristics and soil
characteristics, on two different farms, to evaluate best management practices (BMPs) in
hay fields and corn silage production fields, representing the two dominant
agroecosystems in Vermont (Table 4, Figure 1). This study was conducted in-situ, and
management practices were implemented by farmer research partners, as much as
possible, as part of their normal farm operation. One farm evaluated the use of an aerator
prior to spreading manure on hay fields in the treatment field, against a control field
where manure was spread without the aerator. The other farm evaluated the stacked use
of cover crops, manure injection, and reduced tillage (CCMIRT) in the corn production
treatment field. Reduced tillage in the treatment field was shallow strip tillage, and rye
was sewn as a winter cover crop. This was compared to a control corn field without
cover crops, where manure was broadcast and tillage included both a chisel plow and
finishing harrows. Both corn fields had intact grassed waterways which caught and
conducted surface runoff from the field towards the adjacent river.
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Table 4: Descriptions of the paired-watershed fields, including management practices, soil type,
aspect, area and slope.
Production
Type

Field

Conventional
(control)
Corn silage
(Zea mays L.)

Mixed grasslegume hay
(Orchard grass,
brome grass,
fescue, canary
grass, and
clover)

Best Management
Practice
(treatment)

Area
(ha)

Practices
Chisel plow tillage,
broadcast manure
application, and
grassed waterway
Cover crop,
manure injection,
reduced till
(CCMIRT), and
grassed waterway

Non-Aerated
(control)

Broadcast manure
application without
prior aeration

Aerated
(treatment)

Aeration prior to
broadcast manure
application

0.8

Mean
Slope
(%)
0.06

Aspect

N

Soil Type
• Limerick silt loam, 34.6%
• Winooski very fine sandy
loam, 65.3%

1.7

0.12

S

• Limerick silt loam, 85.9%
• Hadley very fine sandy
loam, 7%
• Winooski very fine sandy
loam, 7%

2.35

3.0

S

• Vergennes clay, 100%

SW

• Covington silty clay,
89.4%
• Palatine silt loam, 1.4%
• Palatine silt loam, 9.4%

2.75

2.7

CCMIRT Corn

Conventional Corn

CCMIRT Corn
Conventional Corn

Figure 1: Location and field maps of paired-watersheds within the Lake Champlain Basin. Shaded
areas in field maps represent watershed boundaries (red: control field, blue: treatment field).
Location of EoF monitoring station denoted by red circle and lysimeter location denoted by the
yellow triangle. (Figure compiled from images by Cameron Twombly)
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A calibration period was conducted starting October of 2012 where each pair of
fields received the same management practices and timing of implementation. Baseline
soil organic matter samples were collected in 2012. During the calibration period, both
corn silage fields received broadcast manure application followed by chisel plow tillage
in both fields, and winter rye cover crop was aerially seeded onto standing corn. Manure
application events occurred on each field within 24-hours of one another. The treatment
period in the corn fields began on November 9th, 2013. Both hay fields had been used
for hay production for 10 years prior to this study, and both hay fields received broadcast
manure application without the use of an aerator during the calibration period. The
treatment period in the hay fields began on June 10th , 2014. The field study period ended
when the last field measurements were recorded on January 3rd, 2019.
Both dairy farms are located in the Lake Champlain Basin within the state of
Vermont (Figure 3). Importantly, Lake Champlain is considered an impaired waterway
due to excessive phosphorus pollution, 41% of which is attributed to agricultural sources
(Wironen et al., 2018). In June of 2016 the EPA established new phosphorus loading
limits from Vermont into Lake Champlain, which was during the course of this on-farm
research (EPA, 2016).
Edge of field surface & subsurface water quality monitoring
Each field was equipped with an edge of field (EoF) monitoring station designed
to catch surface runoff from the field, and passive capillary lysimeter was installed 30.5
cm below the soil surface to measure subsurface water quality (Figure 3). EoF stations
for the hay fields were located at the cusp of the hay field management, and in the corn
fields at the outlets of the grassed waterways. Surface runoff events were monitored from
the EoF stations year-round for the duration of the study period. Methods for monitoring
and followed those described by Twombly et al. (2020). Descriptive statistics and
statistical analysis of significantly different outcomes in the EoF data attributable to the
aerated hay field treatment have been published in Twombly et al., (2020). In this paper,
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we analyze the EoF data from the paired corn field watersheds, and describe the results
of this analysis alongside that conducted by Twombly et al. (2020) in the results section.
Soil health measurements
Composite soil samples were collected to 15.25 cm depth using thirty random
soil cores in all fields, in the second and fourth years of the trial (April 2016 and
November 2018). These samples were analyzed by Cornell Soil Health Laboratory,
which evaluates a suite of chemical, biological and physical indicators of soil health
(Schindelbeck et al., 2016). Evaluation included soil texture, organic matter content, soil
pH, Modified Morgan Extract macro and micro nutrients, aggregate stability, active
carbon, microbial respiration, available water capacity, and ACE soil protein index
(Schindelbeck at al, 2016). Baseline soil organic matter was also measured in November
2012, before the treatment period began, using loss of weight on ignition at the
Agricultural & Forestry Experiment Station Analytical Laboratory at the University of
Maine (NCCST, 2009)
Greenhouse gas emissions monitoring
Greenhouse gas fluxes (CO2 and N2O) were measured using a portable model
1412i infrared photoacoustic spectroscopy (PAS) gas analyzer using static chamber
protocols and sampling techniques laid out by Iqbal et al. (2013). Five chambers were
placed randomly in each field. Sampling occurred 2016-2018, with gas measurements
taken during the growing season when soils were unfrozen (April – November) on a biweekly basis, with more intensive sampling around important climatic and management
events (e.g., large rainfall, fertilization, or cultivation events). Gas samples were taken
every minute for 10 minutes per chamber, and fluxes of CO2 and N2O were computed
by fitting a linear regression of gas concentration against time after chamber closure. To
characterize CO2 and N2O fluxes for each field over the growing season, we used the
daily CO2 and N2O flux rate for each chamber, and generated annual averages, assuming
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zero emissions December through March. We then averaged all three years of sampling
to arrive at one annual flux of CO2 and N2O per field.
Economic data collection & analysis
Farmers’ records from years 2015, 2016 and 2017 were used to develop an
estimate of the costs associated with implementing each BMP. Management activity was
self-reported by farmers at the end of each growing season: they provided a list of
activities taken in each field (e.g., tilling, manure spreading, seeding, harvesting). The
cost of each activity was measured using standard custom rates from PA, the closest state
which reported such rates (Pike, 2016) to calculate costs incurred by management in each
field. Farmers also reported yields and market rates which were used to estimate income
attributed to each field. We used these data to estimate a yearly cost per acre for each
field, and then the cost associated with implementing each BMP, taking into account
yield differences between treatments.
Yield, forage and manure measurement
To estimate yield fields, four forage subsamples were taken from each field
within a few days of harvest. Subsamples were averaged to estimate yield per acre, and
then a composite subsample was sent to Dairy One in Ithaca, NY for analysis of dry
matter (NFTA Method 2.2.1.1), and percent P (CEM MARS6 microwave digestion of
feed grain method). Procedures used for estimating yield and forage sampling in the hay
fields are described in Twombly et al. (2020).

Manure application rate, manure

phosphorus (P) concentrations, harvested forage yield and forage P concentrations were
measured in 2017 and 2018, and then used to calculate an annual nutrient balance based
on applied and harvested P from all study fields, as described in Twombly et al. (2020).
Measuring the supply of ecosystem services
Our study measured indicators of seven ecosystem services, listed in Table 5.
Ecosystem services are the benefits to people provided by nature (Milennium
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Assessment), and agroecosystem management influences the supply of ecosystem
services by impacting underlying ecological processes (Power, 2010). Dale & Polasky
(2007) outline criteria for selecting a set of indicators of ecosystem service performance
from agriculture, emphasizing that they be both easily measured and sensitive to changes
in the system. In this study, we sought to interpret our data through the most benefit
relevant indicators possible, meaning that we aimed to use metrics that capture the
connection between ecological change and socially relevant outcomes (Olander et al.,
2018).
Table 5. Ecosystem services measured in our case study.

Ecosystem Service

Dynamic metrics/indicators in our
study

Type

Beneficiaries

Provisioning

State &
national
consumers

Yield

Champlain
Basin

Phosphorus and nitrogen and
exports in runoff water, including
total and dissolved phosphorus
loads in surface and subsurface
runoff, as well as dissolved and
total nitrogen loads in surface
runoff.

Clean water via
Nutrient cycling

Champlain
Basin

Phosphorus nutrient mass
balance

Climate
Stabilization

Global

Soil carbon content, soil surface
N2O & CO2 emissions, tractor
fuel consumption

Downstream flood
risk reduction

Watershed

Runoff volumes

Farm resilience to
extreme weather

Farm

Soil available water capacity,
aggregate stability

Food production
Clean water via
Nutrient retention

Soil health

Regulating

Supporting

Farm
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Comprehensive assessment of
soil health scores

Food provisioning
Food provisioning from both dairy farms was measured indirectly through forage
yield and quality, as we did not have the means to estimate each field’s impact on
quantifiable milk quality and quantity.
Clean water
To assess each treatment’s impact on regulating clean water, we used two
complementary indicators of how each field supplied nutrient retention and nutrient
cycling services, as suggested by Hammond Wagner et al. (2019). We used annual
cumulative nutrient load exports as the indicators of clean water ecosystem service
provisioning via nutrient retention. Manure and forage P content and mass were used to
calculate a nutrient mass balance for each field to indicate how the agroecosystem and
field management influenced nutrient cycling. If P removed from the system in forage
harvests is less than the P applied in manure, the excess would increase soil P reserves,
which is prone to leaching and erosion, ultimately ending up in the downstream
watershed. This imbalance would indicate an ecosystem disservice in terms of nutrient
cycling.
Climate stabilization
The impact of an agroecosystem on climate stabilization as an ecosystem service
is indicated by assessing its overall impact on atmospheric GHG concentrations. Our
study measured four different pathways impacting GHG concentrations from our field
trials in equivalent metric tonnes (MT) CO2 per hectare per year; changes on organic soil
carbon stocks, N2O emissions from the soil surface, CO2 emissions from the soil surface,
and fuel consumption.
To calculate annual changes in soil carbon stocks we used soil organic matter
content measurements from soil tests in 2012 and 2018. Using a weighted bulk density
obtained from Web Soil Survey for each field, and the sampling depth of 15 cm, we used
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the following equation to calculate metric tonnes (MT) of soil organic matter (SOM) per
hectare:
(% SOM/year) x bulk density x 0.15 m x 10,000 m2 = MT SOM/ha
We then calculated the carbon fraction of soil organic matter using the conversion
factor from (Pribyl, 2010)):
MT Carbon = 0.5 (MT SOM)
Then we calculated the equivalent annual metric tonnes of CO2 using the
following equation:
MT CO2 = MT Carbon x (44/12)
We used an annual average of direct measurements to calculate N2O and CO2
emissions from the soil surface. Direct measurements were reported in mg/m2/hr, and
transformed into MT/acre/year.
Using farmers’ records we created a list of annual tractor tasks on each field, and
then used information from Downs & Hansen, (1998) and Lazarus (2012) to determine
estimated diesel fuel use in gallons per acre for each task. We transformed gallons per
acre into equivalent lbs of CO2 using the carbon dioxide emission coefficient from the
US EIA (US EIA, 2016):
Equivalent lbs CO2 /acre = 22.4 Gal/acre
After converting to metric, we generated an annual sum reported in MT CO2 per
hectare for each field. In the results section, the four different emissions pathways are
reported separately for comparison in magnitude, and as total sums for each field.
Flood risk mitigation
Our study measured how management influences hydrologic response of
agricultural fields and reduces storm water runoff volumes that impact peak flows and
potentially downstream communities’ flood risks through direct measures of surface
runoff volumes in EoF stations in all fields. A reduction in surface runoff volumes
indicates an increase in the supply of this ecosystem service.
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Farm resilience to extreme weather
We have limited data with which to interpret as indicators of the agroecosystem’s
capacity to absorb, withstand or recover from extreme precipitation shocks. To indicate
impact on resilience to heavy precipitation, we used aggregate stability as a proxy
because it is a direct measure of the soils’ capacity to withstand erosion from simulated
rainfall. To indicate resilience to drought conditions, we use available water capacity,
which is the plant available water in soil, between wilting point and field capacity.
Soil health
Soil health is a foundational supporting ecosystem service (Ontl & Schulte,
2012). The term is used to describe the capacity of a soil, as a dynamic complex living
resource, to support ecosystem functions and deal with stresses through a suite of
interconnected physical, chemical and biological characteristics (Singh et al., 2011). Our
study evaluated soil health using the Cornell Comprehensive Assessment of Soil Health
(CASH), which includes a suite of chemical, biological, and physical measurements to
give a picture of the soil’s capacity to support many ecosystem functions and ecosystem
services. Scores are developed based on the observed distribution of measured values for
the indicators in regional soils of similar texture (Moebius-Clune et al., 2016). Our study
uses changes in CASH scores to indicate the directionality of each field management’s
relative impact on overall soil health as a supporting ecosystem service over time.

Transdisciplinary integration of farmers’ knowledge
Our study engaged our farmer research partners in participatory analysis through
semi-structured interviews to formalize integration of farmers’ knowledge into this study.
Farmers and researchers also implemented the field trial management together and shared
observations during the course of the study. These interactions were referenced and
recalled by farmers during the formal interviews. The semi-structured interview
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questions and protocol were approved by the UVM Committee on Human Subjects
(project # 19-0211: Exploring the Social Dimensions of Ecosystem Services in Dominant
Agroecosystems of the Northeast).

Interviews were consensual, confidential, and

recorded.
Interviews with farmer-research partners lasted approximately 45 minutes, and
followed a semi-structured format so that both farmers responded to the same
conversation prompts. Interviews were conducted in-person. Recordings were
transcribed verbatim and then single coded using open coding to develop thematic
categories, based on conventional, inductive content analysis (Hsieh & Shannon, 2005).
This approach draws out direct information from participants without imposing
preconceived categories or theories, to embody participants’ unique perspectives.
Repeated readings of the transcripts and coding notes are used to develop an organization
of connected themes. In our study, primary categories of topics were developed based on
successive readings of the transcripts. Repeated rounds of analysis compared codes,
themes, and categories to enhance our understandings of information, meaning and
relevance. This resulted in a hierarchal tree of codes which reflected emergent meanings
and connected ideas, which was used to organize a description of the results.

Causal loop diagrams
We use causal loop diagrams to link ecosystem service provisioning to influences
on adoption in a social-ecological-systems model. This method depicts circles of
association (Conner & Levine, 2007) and has been widely used to analyze and describe
relationships and feedbacks in systems thinking (i.e. Angelstem at al., 2013). Our
analysis depicts influences and feedbacks for our two case study farms. Triangulation
best addresses our pragmatic desire to bring multiple aspects and angles together for a
systems level and holistic analysis of how social phenomena are situated in
agroecosystem feedbacks.
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Results
Results are presented in three sections. First, we describe the biophysical analysis
through the lens of ecosystem service supply. Second, we describe social and economic
data, including economic cost benefit analysis, and interviews with our farmer research
partners. Third, we connect the biophysical and socio-economic data using causal loop
diagrams to depict relationships in the social-ecological system.
Ecosystem services assessment
In this section we present the biophysical data which was collected for each field
trial and interpret it as measures or indicators of ecosystem service supply. To begin, we
summarize these results in tables to communicate the implied synergies and trade-offs.
Then, we describe the assessment of ecosystem supply for each indicator.
Summary of ecosystem services provisioning for each practice
Tradeoffs in ecosystem service supply were observed in both field trials (Table
6, Table 7). Both conservation practices had negative impacts on climate regulation, but
positive impacts on soil health.

The aerator had no discernable impact on food

provisioning, or clean water regulation. The aerator increased the overall CO2 footprint
of management, increased surface runoff volumes, and decreased available water
capacity in the soil, but improved soil health and soil aggregate stability. The CCMIRT
treatment had no discernable impact on phosphorus balance, flood risk or cultural
ecosystem services. CCMIRT management enhanced food provisioning, soil health,
available water capacity, and soil aggregate stability, but had a negative impact on
climate stabilization and clean water regulation through increased CO2 footprint and
increased total nitrogen in runoff.
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Table 6. Summary of supply of ecosystem services from the aerated hay field compared to the control hay field.
In the last column, the symbol “~” indicates no observable impact,” +” indicates an enhancement of ecosystem
service supply attributable to the treatment, and “-“ indicates reduction in the ecosystem service.

Ecosystem
Service

Influence
on
supply

Indicator

Key Findings

Food
production

Yield

No trend in either direction was
discernable based on our data.

~

Clean water
via nutrient
retention

Phosphorus and nitrogen and
exports in runoff water, including
total and dissolved phosphorus
loads in surface and subsurface
runoff, as well as dissolved and
total nitrogen loads in surface
runoff.

The aerated hay treatment did not
have a statistically significant
influence on surface runoff nutrient
loads compared to control hay field.
Subsurface loads were large among
all fields

~

Clean water
via
nutrient
cycling

Phosphorus nutrient mass balance

No clear trend in either direction was
detected. All fields had both negative
and positive annual phosphorus
balances during the years which were
monitored.

~

Climate
stabilization

Soil carbon content, soil surface
N2O & CO2 emissions, tractor fuel
consumption

Increases in soil carbon stocks did not
offset GHG emissions from the soil
surface. The control field had a
smaller equivalent CO2 footprint than
the treatment.

-

Flood risk
mitigation

Surface runoff volumes

Aeration in the hay field paired trial
resulted in a 16.2% increase in
average event surface runoff volume
when compared to the control hay
field.

-

Farm
resilience to
extreme
weather

Soil available water capacity,
aggregate stability

The aerator reduced soil available
water capacity, while the nonaerated field experienced increases in
available water capacity.
The percent of water stable
aggregates increased in both hay
fields, but more so in the aerated
field.

Comprehensive assessment of soil
health scores

Both hay fields increased overall soil
health. Using an aerator increased
soil health more than not using one.

Soil health
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-/+

+

Table 7. Summary of supply of ecosystem services from the CCMIRT corn field compared to the control corn
field. “~” indicates no observable impact.” + “ indicates an enhancement of ecosystem service supply
attributable to the treatment, and “-“ indicates reduction in the ecosystem service.

Ecosystem
Service

Influence
on
supply

Indicator

Key Findings

Food
production

Yield

The CCMIRT field increasingly yielded
more than the control field over time.

+

Clean water
via nutrient
retention

Phosphorus and nitrogen and
exports in runoff water,
including total and dissolved
phosphorus loads in surface and
subsurface runoff, as well as
dissolved and total nitrogen
loads in surface runoff.

The CCMIRT treatment did not have a
statistically significant influence on
surface TDP, TP or TDN loads, but
significantly increased TN loads in
surface runoff compared to the control
corn field.

~/-

Clean water
via
nutrient
cycling

Phosphorus nutrient mass
balance

No clear trend in either direction was
detected. All fields had both negative
and positive annual phosphorus
balances during the years which were
monitored.

~

Climate
stabilization

Soil carbon content, soil surface
N2O & CO2 emissions, tractor
fuel consumption

Increases in soil carbon stocks did not
offset GHG emissions from the soil
surface. The control field had a smaller
equivalent CO2 footprint than the
CCMIRT.

-

Flood risk
mitigation

Surface runoff volume,

Surface runoff volumes in the paired
corn field were not significantly
different by treatment.

~

Farm
resilience to
extreme
weather

Soil available water capacity,
aggregate stability

The CCMIRT increased soil available
water capacity, while the control corn
field experienced decreases in available
water capacity.
Water stable aggregate measures
declined in both corn fields, but
relatively less in the CCMIRT treatment
(only by 1.9% in the CCMIRT field and
7.7% in the control field).

Comprehensive assessment of
soil health scores

Both corn fields increased overall soil
health. The CCMIRT field increased soil
health more than the control field.

Soil health
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+/+

+

Soil health
Our study observed greater increases in soil health as a supporting ecosystem
service from treatments than control management. Overall CASH scores for soil health
for all fields in this study increased between years 2016 and 2018, indicating that all
control and treatment field management practices may enhance soil health in general
(Figure 2). Greater gains in scores were made in the hay fields compared to the corn
fields and notably the hay field control showed no decline in any of the scores. A closer
look at the individual soil tests measurements offers a more nuanced picture of changes
in soil health in the supplementary materials.

Figure 2. Bar charts of changes in soil health between 2016 to 2018 for all fields, overlaying control
and treatment fields.
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Figure 3. Change in physical indicators of soil health on all fields, 2016 to 2018. There is a notable
change in directionality of available water capacity between control and treatment for both BMP
paired field trails. Aggregate stability increased for both perennial hay fields and decreased for
both annual corn fields.

Farm resilience to extreme precipitation
Available water capacity (AWC) is a measure of the water held in the soil
between permanent wilting point and field capacity. Using available water capacity
(AWC) as an indicator of field management’s impact on drought resilience, fields’ which
experienced greater soil disturbance in both agroecosystems decreased drought
resilience, and field management with reduced disturbance increased AWC (Figure 3).
Between 2016 and 2018, AWC increased in the control hay field, and decreased in the
aerated hay field. The corn MIRT treatment field experienced an increase in AWC. In
the corn control field, we measured a reduction in AWC.
Aggregate stability is a measure of the percent of water-stable soil aggregates
which withstand a simulated rainfall event. We use this as an indicator of resistance to
erosion in heavy precipitation events. We observed increases in aggregate stability in
both hay fields with perennial vegetation and declines in aggregate stability in both corn
fields treatments (Figure 3). The aerated hay field had the greatest increase in the amount
of soil aggregates which withstood simulated rainfall, an increase of 26% between 2016
and 2018. In the control hay field, 17% more soil aggregates withstood the simulated
rainfall test in 2018 than in 2016. Water stable aggregate measures declined in both corn
fields, but only by 1.9% in the CCMIRT field and 7.7% in the control field.
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Climate stabilization
The way field management influences climate stabilization as an ecosystem
service is indicated by measured changes in cumulative MT CO2 per hectare. Changes in
organic soil carbon stocks, N2O emissions from the soil surface, CO2 emissions from the
soil surface, and fuel consumption were combined in equivalent metric tons of CO2
(Table 8), as different pathways through which management influenced the
agroecosystem’s contribution to GHG emissions, and thus climate stabilization.
Combined, N20 and CO2 accounted for 52% to 47% of the of the CO2 footprint in the hay
fields, and 75% to 73% of the CO2 footprint in the corn fields. Fuel used in field
management had negligible impact compared to the other pathways.
N20 and CO2 flux measured from the soil surface account for the overwhelming
majority of emissions, compared to the tractor fuel related emissions (Figure 4). N20 flux
averaged 0.012 MT/ha/year in the aerated hay field, and 0.010 MT/ha/year in the control
hay field, which is an equivalent of 3.25 and 2.63MT CO2/ha/year, respectively.
Measured CO2 flux from the soil surface averaged 9.5 MT/ha/year in the aerated hay
field, and 10.1 MT/ha/year in the control hay field (Table 6). In the corn field trials, N20
flux averaged 0.036 MT/ha/year in the CCMIRT field, and 0.012 MT/ha/year in the
control field, which is an equivalent of 9.39 and 3.24 MT CO2/ha/year respectively.
Measured CO2 flux from the soil surface averaged 8.53 MT/ha/year in the CCMIRT field
and 6.39 MT/ha/year in the control corn field.
Gains in soil organic matter offset soil surface gas fluxes and fuel sourced
emissions in only one field in our study. Among the sources of GHGs measured, CO2
flux had the greatest magnitude of impact on GHG footprint, with the exception that the
N20 flux was the largest contributor in the CCMIRT field (Figure 4). The control hay
field performed the best in terms of climate regulation service supply, the CCMIRT field
performed the worst. In both paired field trials, the field with less soil disturbance
performed better in terms of soil carbon gains. In both trials, the control fields performed
better in terms of overall contribution to climate regulation.
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Table 8. Equivalent MT CO2 footprint by pathways for each field
Equivalent metric tons of C02/hectare/year emitted by pathway
Field
Hay field with
aerator
Hay field
control
Corn with
CCMIRT

Tractor diesel fuel use

Soil carbon

N20

CO2

TOTAL

0.116

-11.42

3.245

9.453

1.320

0.108

-14.30

2.627

10.121

-1.508

0.182

-5.71

9.391

8.528

12.278

0.185

-3.48

3.241

6.393

6.227

Corn control

Average Annual equivalent MT CO2 emissions by pathway
MT CO2 /acre/year

15
10
5
0
-5
-10
-15
-20
Tractor diesel fuel
use

Soil carbon

Hay field with aerator

N20

Hay field control

CO2
Corn with CCMIRT

TOTAL
Corn control

Figure 4. Equivalent metric tons of CO2 per acre per year by pathway measured on our case study
farms.

Clean water
Both hay treatments regulated clean water similarly, while the CCMIRT
treatment reduced clean water regulation services. Average event TP and TDP loads from
all fields were greater during the treatment period than during calibration period,
regardless of management (table in supplementary materials with more details). The
aerated hay treatment did not have a statistically significant influence on surface runoff
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nutrient loads compared to control hay field (Twombly et al. 2020). The CCMIRT
treatment did not have a statistically significant influence on surface TDP, TP, or TDN
loads, but significantly increased TN loads in surface runoff compared to the control corn
field (P value of 0.1) (see table in supplementary materials for more details).
The subsurface nutrient export measured in our study was sizeable (Table 10,
Figure 5, Figure 6), but not statistically attributable to field management because each
field had a single lysimeter, which was installed after the calibration period. In the corn
fields, subsurface TP load was 91% of the total measured TP load exported from both
pathways in 2017 and 2018, and 92% of total TDP export. In the hay fields, subsurface
TP load was 64 % of the total measured TP load exported from both pathways in 2017
and 2018, and 66% of total TDP export.
Field scale P balances indicate how the field management contributes to excess P
reserves, which contribute to the long term water quality degradation in the phosphorus
impaired watershed. The P balance in each field (Table 9) shows annual variability in the
amount of P applied and P harvested within each agroecosystem our study monitored.
These field scale phosphorus balances do not indicate a trend in directionality of
ecosystem service supply from any of the fields. Over the years for which this data was
collected and analyzed, each field had both a negative and positive P balance, with no
clear trends in either direction. However, the magnitude of P cycling thorough the system
is notably far greater in the corn agroecosystem, compared to the hay agroecosystem.
Manure applied P in the hay fields was only 27% of the P applied in the corn fields.
Harvested P in the hay fields was only 22% that harvested from the corn fields.
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Table 9. Field phosphorus balance, based on P applied in manure and P removed in harvest.

Year by field
Hay field with aerator
2016
2017
2018
Control hay field
2016
2017
2018
CCMIRT corn Field
2017
2018
Control corn field
2017
2018

Manure P applied (kg/ha)

Forage P harvested (kg/ha)

Balance

20.8
10.2
14.7

15.9
20.7
12

4.9
-10.5
2.7

22.2
11.1
15.1

16.1
18.9
13.1

6.1
-7.8
2

98.4
13.9

73.5
57.9

2.7
-33.9

89.8
23.5

87.1
57.4

24.9
-44

Table 10. Summary of annual hydrologic and P exports via surface runoff and subsurface leaching.
Volume (as a depth) and P load values are expressed as annual sums. Hay field data have been
published in Towmbly et al 2020.
Field

Year

Control
Corn Field

Volume (mm)

TP (g/ha)

Runoff

Leachate

Runoff

2017

4.21

108

2018

3.83

347

CCMIRT
Corn Field

2017

5.72

252

2018

5.00

743

36.5

Control hay
field

2017

242.1

724.1

688.56

2018

146.3

333.5

701.57

Aerated hay
field

2017

182.1

1,109.1

2018

124.8

371.7
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TDP (g/ha)

Leachate

Runoff

Leachate

166

167

52.1

130

180

1,190

163

1,140

38.0

531

27.4

456

2,470

30.8

1,560

1,096.5

537.97

775.2

439.8

648.38

416.3

381.16

1,909.4

219.17

1,744.3

378.62

384.7

289.82

313.4

Figure 5. Summary of hydrologic and phosphorus exports via surface and subsurface pathways for
two corn fields on coarse textured soil.

Figure 6. Summary of hydrologic and phosphorus export by pathways for two hayfields in finely
textured soils.

Flood risk mitigation
Surface runoff volumes were used to indicate how management influenced
downstream flood risk mitigation. Runoff volumes were greater in the hay fields,
compared to the corn fields, likely due to soil texture differences (Table 10). Aeration in
the hay field paired trial resulted in a 16.2% increase in average event surface runoff
volume when compared to the control hay field (Twombly et al. 2020). Surface runoff
volumes in the paired corn field were not significantly different by treatment. The
average difference between the surface runoff volume generated by the CCMIRT field
and the control corn field was 19.2 m3/ha during the calibration period, and 23.0 m3/ha
during the treatment period. Using a Mann Whittney U test, the difference in volume
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during the treatment period was not significantly different from the calibration period (p
value of 0.89).
Aggregate stability increased in both hay fields and decreased in both corn fields
during the trial period (Figure 3). The greatest increase in aggregate stability was
observed in the aerated hay field, the same field which resulted in an increase in surface
runoff volume. This suggests that dynamic changes in soil structure due to management
and soil biology, which are known to enhance water infiltration, are not a dominating
driver of field-scale hydrologic response. This confirms other research literature, that
aggregate stability and soil biology alone are inadequate predictors of the performance
of this ecosystem service. Runoff volumes at the field scale are influenced by other
landscape features, such as soil texture, antecedent moisture condition, and surface cover.
Food provisioning
Our study observed greater increases in yield in the CCMIRT treatment compared
to the corn control treatment, and no discernable trend in either direction for the aerated
hay field treatment compared to the control. When comparing the yield data from the
aerated hay field to the control hay field, the annual total average dry matter yield showed
little discernable difference between fields. In 2016, the CCMIRT corn field and control
corn field had the same average yield in tons per acre. Over the next two years, the
CCMIRT increasingly yielded more than the control field (Figure 7). At the end of the
study, the CCMIRT corn field yielded 5.6 MT/ha more than the control field (Figure 7).
That is a yield of 11% more than the control field in the final year of the study.
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CCMIRT Corn

42.56

61.15

57.12

Corn control

42.56

60.03

51.52
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Year

6.00

5.60

5.00
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2.00
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0.00

0.00
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Figure 7. Annual yields from corn field trial, by field, and difference between fields, in years 2016,
2017 and 2018

Economic cost-benefit analysis
Using farmers records and custom rates, our analysis determined that the extra
cost of equipment associated with best management practices was greater than gains in
income from increased yields, for both paired field trials during years 2015 through 2017.
A detailed account of our analysis is included in the supplement.
Revenues were similar for both corn fields in the years 2015-2017. Estimated
costs of management were higher for the manure injection treatment, resulting in a
smaller gross margin per acre for the CCMIRT treatment field (see supplementary
materials for details). The average gross margin per acre was $873.10 for the control corn
field and $702.17 for the CCMIRT managed field. Overall, our cost benefit analysis
determined that the CCMIRT treatment grossed $170.93 per acre less than the control
corn field.
The added cost of using the aerator in the treatment hay field was $29.00 per acre
in 2015 and $17.00 per acre in 2016 and 2017. Variability in yields and the cost of baling
hay drove a fluctuating annual gross margin per acre for both hay fields (see
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supplementary materials for details). The average gross margin per acre was $16.61 for
the control hay field and $2.08 for the aerated hay field. Overall, our cost benefit analysis
determined that the aeration treatment grossed $14.53 per acre less than the control corn
field.
Farmers’ perspectives
Thematic analysis of the interviews with farmers identified in-situ perceived
advantages and drawbacks of the management practices being trialed, the most important
considerations that dominate farm management decisions, observations made during the
paired-watershed field trials, and their reflections on the research.
Influences on decision-making
Our farmer research partners identified many advantages associated with the best
management practices they trialed as part of this study. Primary drawbacks discussed
were perceived logistical challenges. They also discussed how changes made on their
farms over decades and through multiple generations had been proactive about
environmental stewardship at times and overwhelmingly influenced or constrained by
the economic climate, the price of milk and the farm’s capacity to stay in business. Farm
financial viability emerged as the primary filter through which all other management
considerations were run and was described as the primary decision-making determinant.
However, many other agronomic, environmental, social, and quality of life
considerations influence planning and decision-making. Conservation incentive
programs were named as the primary reason each farmer had originally adopted the new
practices.
Farm considerations
Interviews revealed the importance of practical farm management considerations
among the most salient perceived advantages and drawbacks of the trialed practices.
Farmers discussed how logistical challenges and time demands influenced the degree to
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which they perceived the practice as being compatible with their farming operations, and
how it impacted their quality of life. This was often described in terms of time saved, or
logistical & scheduling challenges. Farmers also valued practices for the way they might
increase nutrient availability to plants and enhance forage health and yield. Finally,
farmers described the potential for each practice to enhance their relationships with
neighbors. In the case of manure injection, this was due to reduced odors associated with
manure application, whereas the aerator was described as supporting the farmer’s
reputation as being proactive about water quality concerns.
Stewardship & landscape multifunctionality
Farmers pursue management decisions that balance environmental stewardship
with farm viability. Both farmers described examples of the way environmental
stewardship had shaped their decisions in the past when they had the financial capacity,
such as proactively installing buffers, reducing feed-based P imports, or moving cows
farther away from waterways. However, both farmers pointed out that environmental
stewardship will not drive farm decisions alone—management changes need to have cobenefits to environmental outcomes that align with farmer goals. As one farmer
described, “farmers will adopt practices that save them or make them money. They're not
going to … just because it's going to protect water quality, that’s just the reality.”
Farmers further described the way nutrient cycling and water quality outcomes were
connected by environmental and agronomic benefits; “protecting water quality should
be where good environmentalism and good economics come together because if all your
nutrients are running off your farm and running into the lake, you're throwing money
away. Those are nutrients you want to capture and recycle.” This rationale of coupled
economic and environmental benefits was described as sensitive to the economic climate.
Farmers differentiated between the economically constrained situation they find
themselves in currently, and the way they invested freely in conservation when they had
greater financial flexibility and profitability. As one farmer described; “when times were
good a few years ago and some of those big partners were making like crazy amounts of
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money, they were improving their farms. They were putting in grass waterways and,
upgrading their manure systems and they were doing things that would both benefit them
economically and would be good environmental practices.”
External pressures: financial climate & drought
External pressures both constrain and enable farmers to invest in conservation
practices. Farmers observed that most of their current decisions were made with an
understanding of how it would influence farm efficiency, by thinking in terms of milk
per acre, and reduced costs for the farm. Cost share incentive programs were mentioned
as the primary reason farmers had originally adopted the trialed practices. Likewise, the
milk price crisis concurrent to the timing of our interviews revealed the extent to which
off-farm financial market pressures have constrained farmers’ decisions. As the farmer
who conducted the CCMIRT trial observed; “with the way the economics has been in
dairy farming, we're very aware of anything that we do or spend money on that doesn't
have a direct result of cows making more milk. Maintaining the grass waterway or a
buffer around a field … It doesn't make us any money whatsoever... We do it because it's
the right thing to do.” The grass-based farmer described how financial considerations
limited the extent to which they could transition to a grass-based feed; “I know from a
greenhouse gas consideration we shouldn't be feeding grain to our cows, so we should
be an all-grass dairy. But the economic impact of that would be significant. We just can't
afford to.”
Adaptive management
Both farmers described the way their management of the research fields were
refined over time and how they were constantly thinking about improvements to
management that would increase positive outcomes. Adopting new practices was
described as the beginning of a learning process, that would be refined over years to hone
in on how it could be best integrated with their farming systems and environmental
conditions. Science-based information, including that collected during the study, informs
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management alongside farmers’ observations. One farmer said, “The more information
we get, the better it's going to be, and the more useful it's going to be.” Implementation
of practices was described as changing and evolving over years; “any practice that you're
trying to implement, it's gonna take us years to … figure out when to use it, and what's
the best conditions, and where it's most beneficial.”
Invisible pathways
Reflecting on their interest in the information collected by our research team,
farmers identified the pathways and outcomes in the agroecosystem dynamics that they
couldn’t see as the most interesting pieces of the research results. For one farmer, it was
the gas fluxes and for the other farmer, it was the water borne nutrient exports and how
related nutrient retention could enhance yields. One of the farmer research partners
remarked on how invisible outcomes and pathways have less of an influence on their
decision-making than those that are visible; “you don't see gasses leaving the field, even
though scientists tell you that it is happening. That's a little harder to sell.”
Participatory analysis
Farmers made observations about their agroecosystem that align with the data
collected, provided valued insight into the outcomes of each practice, and contributed to
our collective analysis of the study. The farmer who conducted the CCMIRT corn trial
described how well the grassed waterways worked from his perspective. He suggested,
“that may be the takeaway-- that having your grass waterways the right width for the
area the water's collecting from, that may be the key right there. I mean, if they're wide
enough, you don't get any water actually running off the field.” This aligns with our data
collected. In fact, the corn fields generated so few paired runoff events, that it limited the
comparative analysis we could conduct. The farmer who trialed the aerator on hay fields
noticed that the grasses in the aerated field seemed more stressed during times of drought.
He suggested it was detrimental in dry conditions, noting that, “it was like it dried out
and nothing grew back. And I think by opening the soil up … it dried it out more. Whereas
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the field that we didn't aerate, it seemed … the sod held more of the moisture in place. …
I think we just need to learn more about how, how and when to use it.” This observation
aligns with our soil data on reduced available water capacity in the aerated field.

Causal Loop Diagrams
Integrating the measured outcomes and the qualitative social data presented
above, here we use causal loop diagramming to illustrate feedbacks on decision making
in these two agroecosystems, highlighting how ecosystem services can be feedbacks on
management. Measured outcomes (Tables 6 and 7) were used to populate the ecological
aspects of the diagram and determine positive or negative influences. Thematic analysis
of influences in decision making was used to populate the social aspects and feedbacks
depicted in the diagram. Re-reading of the interview transcripts supported this process
in determining relationships among factors and the influences on decision making which
were most salient that link to ecosystem service outcomes.
Both diagrams indicate that there are some ecosystem services which are
important to farm management decisions and some which were not identified as highly
salient on these farms. The diagram highlights soil health as an important intermediary
that supports multiple outcomes which feedback to management (Figure 8, Figure 19).
For both farms, farm financial viability in the face of the dominant economic climate was
named as the primary filter through which management decisions were made and the
causal loop diagram was modified to reflect this. Cost share incentive programs, from
beyond the farm gate, were named as primary reasons the practices were adopted and are
visually highlighted in the diagram.
In the aerator trial, yield, drought resilience, water quality, GHG emissions, and
economic cost-benefit analysis were named as outcomes measured by our study which
were of interest to the farmer’s management decisions (Figure 8). Our monitoring found
no significant impact on water quality outcomes, but did find that the practice enhanced
soil carbon sequestration, which feedbacks into environmental stewardship as a
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motivating factor. Perceived water quality benefits are linked to enhancing public
reputation of the farm, even though our study found no significant water quality benefits.
Increased vulnerability to drought conditions noticed by the farmers aligns with
measured indicator of reduced available water capacity in the aerated field. The study
found no discernable impact on yields due to the aerator, but this was noted as an outcome
that would have important implications for management if there had been a measurable
impact. Flood risk mitigation resilience to extreme precipitation was not mentioned.
Finally, the farmer indicated that the economic cost benefit analysis would be one of the
most important feedbacks on whether or not they continue to use the practice. Our study

Influences on management

indicated a slightly higher cost per acre associated with the aerator.

Perceived advantages and drawbacks of using aerator
Environmental
stewardship

Nutrient
retention

Public
reputation

Time

Compatibility

Profitability

Farm Financial Viability

Timing
logistics
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Cost share
incentive program

Measured Outcomes

Farmer decision: use of aerator
- Flood risk mitigation

+/- Plant health
+ Soil health
~ Yield
- Economic cost/benefit

~ Water quality

- Available water capacity

- Climate stabilization

+ Water stable aggregates

Public as beneficiaries
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Figure 8. Feedbacks from outcomes to influences on management decision to use the aerator, based
on farmer interview data coupled with measured outcomes from our field trail. Feedbacks are
identified in grey arrows. Beneficial outcomes are indicated by green arrows and ‘+’ symbol.
Negative outcomes are indicated by red arrows and ‘-’ symbol. Farm financial viability in the face of
dominant economic climate
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Figure 9. Feedbacks from outcomes to influences on the decision to use the CCMIRT, based on
farmer interview data coupled with measured outcomes from our field trail. Feedbacks are
identified in grey arrows. Beneficial outcomes are indicated by green arrows and ‘+’ symbol.
Negative outcomes are indicated by red arrows and ‘-’ symbol. Farm financial viability in the face of
dominant economic climate was named as the primary filter through which management decisions
were made.

In the CCMIRT trial, we documented both positive and negative feedbacks on
management (Figure 9). During the interview, the farmer described an interest in water
quality outcomes that reflected both an environmental stewardship ethic and a desire to
retain nutrients within the agroecosystem. Our study found a statistically significant
increase in nitrogen losses in surface runoff in the CCMIRT treatment, which will be a
negative feedback, considered alongside other factors in decision-making. Comparative
increases in yields in the CCMIRT treatment were observed in our trial, which was
identified as having a positive impact on decision-making. Finally, our economic cost
benefit showed that both fields had positive gross margins, but that the control corn field
had a greater gross margin, which may be a negative feedback on the decision to use
CCMIRT.
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Discussion
Main findings
Our study found that the alternative soil and nutrient management practices we
trialed (using an aerator in haylands, and the stacked use of cover crops, manure injection
and reduced tillage in corn silage production) both have negative and positive outcomes
for ecosystem services, which can present challenging tradeoffs for both farmer adoption
and policy implementation. Through combining multiple indicators, we identified unseen
pathways as often the most important in determining the overall impact of a practice on
ecosystem services supply. Specifically, subsurface waterborne phosphorus accounted
for 64% to 92% of hydrologic phosphorus export from fields. Greenhouse gas flux from
the soil surface constituted 45% to 75% of all contributions to the equivalent CO2
footprint of the practices we evaluated, which outweighed gains in soil carbon in all but
one field. Our findings concur with assessments of agroecological farming systems by
Boerave et al. (2020) that the inclusion of multiple indicators offers a more nuanced and
accurate measuring of ecosystem service supply. These results further demonstrate that
many practices have environmental, social and economic tradeoffs. Silver bullets in
agricultural management to achieve all optimal outcomes are rare.
As policy-makers seek to enhance ecosystem services from agriculture, payment
for ecosystem programs with adequate payment levels will be critical to supporting the
adoption of recommended practices for many farms. Our cost benefit analysis showed
alternative practices providing a reduced gross margin to farmers, despite some increases
in yield. We also found that nutrient flow aspects of agroecosystem performance are of
interest to farmers, and play into management changes, yet our research suggests that
ecosystem services are not dominating decision-making. The way management impacts
farm financial viability against the backdrop of fluctuating commodity market pressures
was described as the primary filter used for making farm management decisions in our
study.
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Biophysical outcomes
Trade-offs in ecosystem services were identified in both management trials in this
study. Enhanced performance of ecosystem services primarily accrued to services where
the farm was the primary beneficiary, and reductions in performance was observed in
ecosystem services to which the public would be the beneficiary. This finding is
consistent with Schipanski et al (2014), who found trade-offs between ecosystem services
and economic metrics. Both of the practices we evaluated enhanced soil health scores,
despite offering trade-offs among other ecosystem services. This is an important finding
for conservation professionals in the agricultural community, and especially important to
policy makers who make decisions around a heuristic that assumes increases in soil
health improvement translate into enhancements in ecosystem services (e.g. VAAFM,
2020). Our research indicates this is not always the case. It further suggests that soil
health as a principle of agroecology should be reconsidered, as it can present
environmental and social tradeoffs that do not transfer across all contexts.
Our assessment of ecosystem services supply from using an aerator showed
primarily negligible and negative impacts. Importantly, surface water quality was
statistically unaffected by using the aerator, though farmers value it for its purported
water quality benefits. We measured reductions in performance of climate regulation and
flood risk reduction services in the aerated hay field. Observed increases in surface
runoff volume is likely due to the fine textured soil in the site, which is prone to soil
surface sealing caused by the aerator implement (Twombly et al., 2020). Soil carbon
gains in the top 15 cm of the soil profile, which are known to often be high in clay soils
(Schimel et al., 1994), were substantial, but offset by GHG emissions from the soil
surface. While these important ecosystem services were reduced by the aerator, the
practice enhanced soil health and had no discrete effect on yields. Increases in aggregate
stability in the aerated field were used to indicate enhanced resilience to heavy
precipitation. We also found that the practice reduced resilience to drought (available
water capacity).
75

The CCMIRT practice increased performance of ecosystem services to which the
farm is the primary beneficiary, and decreased performance of most ecosystem services
to which the public is the beneficiary. Specifically, CCMIRT enhanced soil health, food
provisioning and farm resilience to extreme weather, but reduced climate regulation and
clean water regulation services. However, this is likely a very context dependent
outcome, as the supply of water quality regulating ecosystem services may be more
influenced by landscape and soil texture characteristics than soil management practices
(Adhikari & Hartemink, 2016). Importantly, our study suggests that appropriately sized
grassed waterways at the edge of field can be so effective in reducing nutrient rich surface
runoff, that they dominate the impact of soil and nutrient management strategies like
CCMIRT. The trade-off in climate regulation services aligns with other research in our
bioregion which demonstrated that manure injection has been shown increase N2O
emissions by subjecting manure to anaerobic conditions in the soil, as opposed to on the
surface (Adair et al., 2019). Our study reinforces the importance of better understanding
soil surface greenhouse gas emissions, and the nuances that impact them, as well as the
importance of including them in ecosystem service assessments.
The limited effectiveness of recommended practices in enhancing clean water
regulation is not anomalous. Other studies on the water quality performance of best
management practices report mixed effectiveness, from negative impacts to complete
elimination of runoff (Osmond et al. 2012). However, while more detailed research on
the mechanisms responsible for nutrient transport and flux in these agroecosystems is
needed, our transdisciplinary findings suggest that landscape features, or structural
BMPs, may be greater determinants of water quality outcomes from these fields than
small changes in management. Grassed waterways proved to be very effective, perhaps
dominating the nature of surface runoff volume and nutrient export from the corn fields.
Soil carbon gains observed in our study range from 0.95 to 3.9 MT/ha, which is
within reported ranges from other studies, but also suggests that there may be room for
better performance in this metric. Soil organic matter gains have been linked to the use
of cover crops, additions of organic fertilizers (such as manure), and conservation tillage
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(Paustian et al., 2019), yet few studies evaluate the impacts of stacking these practices
together. (Aguilera et al., 2013) found annual sequestration rates of up to 10 MT/ha/year
in fields with organic amendments. (White et al., 2020) found that winter cover crops
increase active carbon, in annual vegetable production systems but that compost
additions were responsible for the majority of soil organic matter increases. In their study,
they measured increases of 9.6 Mg/ha due to compost additions and 3.4 Mg/ha due to
cover crops, attributing labile carbon gains to the cover crops. Similarly, our study
attributes soil organic matter gains to manure additions. This aligns with other research,
including meta-analysis by (Gattinger et al., 2012) who observe that annual carbon inputs
from organic fertilizers influence the organic matter and carbon sequestration gains
observed in agricultural soils. Additionally, surface applied dairy liquid manure in no-till
cropping systems has been observed to increase soil carbon stocks and physical soil
attributes, including aggregates (Cavalcante et al., 2019).
Social & economic elements
Social, environmental, quality of life, and economic factors influenced farmers’
decision-making about management in our study, and in turn, the supply of ecosystem
services from their landscapes. These factors were revealed to be both individual and
structural, and while the case study is not representative of the wider community of
farmers, our work reveals an interesting phenomenon. Both farmers in our case study
identified dominant economic pressures as driving their farm planning, financial cost
share programs as the primary reason they decided to try a new practice, and that they
also consider the environmental footprint of the farm when making decisions.
Environmental stewardship, cost share incentives, equipment, and financial barriers have
been identified in other research on factors influencing the adoption of new practices
(Carlisle, 2016), but the dominance of financial concerns in our study is an important
finding. It reflects the impact of the concurrent dairy farm financial crisis at the time of
our study, when the milk market was paying farmers below the cost of production and
13% of dairy farms in the state of Vermont went out of business (Ross et al., 2018).
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Our study finds that invisible or less understood processes and pathways can have
a dominating impact on ecosystem services supply outcomes, but are less factored into
decision-making. This is consistent with other scholarship on how psychological
proximity influences the likelihood of action (Newell et al., 2014). While this aspect is
consistent with other research, it suggests more information about invisible impacts may
enhance environmental decision-making if farmers have the financial capacity to do so.
The salient perceived benefits and drawbacks of the practices in our study better align
with the updated model of farmer decision making developed by S. S. White & Selfa
(2013) than in the popular theory of diffusion of innovations (Rogers, 2003). White and
Selfa (2013) add emphasis on environmental conservation and perceptions of healthy
environment. This includes environmental benefits among important considerations of
relative advantage, profitability, and efficiency. We recommend that future research and
outreach should seek to make visible the invisible pathways and the greatest leverage
points for change in ecosystem service delivery.
Integrative elements
Integrating social, economic and biophysical elements of our study through
causal loop diagramming was effective in illustrating feedbacks from the outcomes we
measured into decision making, and placing them in a realistic context. Ecosystem
services that deliver benefits to both the public and farm were identified as feedbacks on
decision-making. This method also allowed us to depict important mediating factors on
both social and ecological sides of our study. Farm financial viability and PES programs
were identified as the primary, but not sole, influences on farm management. Soil health
was identified as playing an important mediating role in supporting the performance of
many of the ecosystem services we measured.
Limitations
Our study provides a window into tradeoffs, synergies and feedbacks in ES from
agricultural management at the field, but is a case study with limited data. Our results
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cannot be extrapolated to all fields managed in the same way due to influences that soil
texture, climate and landscape position have on environmental outcomes. However, our
study does suggest that what was observed on these two farms could happen elsewhere.
We find the limitations in our data as a worthwhile record for future researchers
who wish to take a similar approach. While the water quality and soil organic matter
data was conducted in a rigorous and comparable way with baseline data, some of the
data is limited because it began after the treatment was started. Thus, we could not
compare those measurements to the state of the system before management changes
occurred, and our assessment is based on how changes over time differed between paired
fields. This is common, but limits the strength of analysis (Lal, 2013). In our study, this
includes most of the soil health testing, soil surface GHG fluxes, subsurface water quality
via lysimeters, and yields. Future research should seek to measure all parameters prior
to treatment, to offer a baseline comparison, as well as monitor how changes over time
differ by treatment.
Our methods allow us to attribute statistically significant differences in surface
pathways of hydrologic nutrient export, but our limited subsurface pathway data does not
allow us to make statistical inference on differences in subsurface P export between
treatment and control fields. However, the subsurface water quality data we collected
indicates that subsurface hydrologic pathways are a significant portion of the total
phosphorus loss from these fields, and are a clear need for future research.
Our soil samples were collected as composite samples to a depth of 15 cm, which
aggregates soil cores from across the field, mixes them, and then conducts testing on the
aggregate/composite sample. This method accounts for spatial variability and is standard
practice. However, SOC is characterized by a high degree of spatial variability (Paustian
et al., 2017; Robertson et al., 1997) and could be responsible for some of the observed
changes in our sampling. Our soil sampling is also limited by the depth of measurement.
Most changes in soil carbon occur nearest to the surface, however, the IPCC guidelines
for GHG inventories (IPCC, 2006) recommends sampling be conducted to a depth of
30cm, and other studies suggest the samples from even deeper are necessary to account
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for all changes (Kravchenko & Robertson, 2011). Future studies should sample to 30 cm
depth or farther. Additional soil carbon in the 15-30 cm range was not included and could
have underestimated our assessment of climate stabilization services. Carbon
sequestration studies that measure bulk density, rather than estimating based on soil
survey data, are significantly higher (Gattinger et al., 2012). This is another limitation
that suggests our soil carbon estimates may have been conservative.
Our study is limited by the ecosystem services for which we had relevant data
and the scale at which we monitored. While our study represents a more extensive in-situ
assessment of multiple ecosystem services than many, it would be strengthened by
including important ecosystem services like biodiversity. Our study is limited to the field
scale and does not take into consideration the way farm management decisions about the
landscape matrix, which would include fallow rotations buffers and unmanaged forest
portions, which are likely to increase ecosystem service provisioning. Nor does our
assessment include the intensively managed farm yard and manure storage portions of
the farm, which are known to have high concentrations of nutrients and have high
emissions and nutrient export potential (Niles & Wiltshire, 2019)
Finally, our study is limited by the time period during which we collected data.
Our dataset spans seven years, which is longer than most USDA funded grant periods,
but as our farmer research partners observed, was too short a time period to adequately
understand how management regimes influence dynamic shifts in long term ecosystem
function.
Future research & implications
Our study provides a holistic cross-section snapshot of the implementation of two
practices that are intended to improve environmental outcomes, but instead present
tradeoffs, and this is merits further exploration and investigation on many fronts. As our
farmer-research partners pointed out, management is subject to change, as they learn
about new tools and strategies that can enhance stewardship while keeping them in
business. Our study demonstrates that changes to manure application practice can have
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strong impacts on GHG emissions and are an important place for farmers and research to
work together to find practices that optimize nutrient availability to plants while also
optimizing climate regulation and clean water regulation ecosystem services. While our
study did not find that practices enhanced climate regulation or water quality ecosystem
services, the results point to the importance of investigating adjustments that would
achieve those outcomes. This is especially important in light of the fact that farmers are
motivated to adopt practices that have environmental co-benefits. Prior research indicates
that timing of management can have a big impact on climate regulation and water quality
outcomes, as can manure and nutrient application rates, as can the mix of cover crops
species. These are important leverage points in which researchers must engage farmers
in adaptive management through shared learning and iterative research trials. However,
our study suggests that enhancements to ecosystem services are not always dominated
by soil, crop and nutrient management. Soil texture and landscape features may have a
dominating impact that limits the extent to which field management influences ecosystem
services outcomes. This means that honing-in on agronomic leverage points for joint
production of ecosystem services and farm viability must be accompanied by spatially
explicit inquiry into limits and boundaries of potential. Long term and replicated field
scale research is needed to identify the way site and soil characteristics interact with
management to influence the supply of ecosystem service.
Research at the whole farm scale which takes a similarly transdisciplinary and
multifaceted approach to evaluating ecosystem services is needed to better understand
the impact of agriculture on ecosystem services. Cultural ecosystem services are
challenging to include, but are critical to understanding the way more transformative
changes in agriculture influence the balance of ecosystem service supply.
Importantly, our study suggests that PES programs are critical to ensuring
management changes for society scale goals, and that PES policy should be based on
performance on practices. In light of our research, the case for public investment in PES
based on soil health metrics is hard to make, as we have demonstrated that, in these trials,
ecosystem services from healthy soils accrue primarily to the farm ,and not society. As
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well, PES programs must account for hard to measure pathways of impact on ecosystem
services supply in order to achieve the impacts they aspire to. If water quality PES
programs are designed based on the quantification of surface runoff impacts, they may
be inadequately accounting for the majority of nutrient export which often takes place in
the subsurface. Likewise, if programs pay farmers for carbon sequestration without
quantifying GHG emissions, they may not be achieving the climate regulation impacts
they espouse to. Unseen pathways dominating ecosystem service supply (subsurface
hydrologic nutrient export, and soil surface GHG emissions) should be incorporated into
program and policy advancements that aim to pay farmers for ecosystem services. While
this may be one of the most important implications of our study, there is limited data on
subsurface phosphorus dynamics, and this represents an important research front in P
impaired watersheds.

Conclusion
Our study identified trade-offs in ecosystem services provisioning from two farm
trials of best management practices. Our analysis demonstrates that it is not sufficient for
understandings of ecosystem service supply to rest on the adoption of practices.
Recommended practices do not universally enhance ecosystem services. In fact,
sometimes they may diminish the supply of ecosystem services. What emerges here is an
understanding that outcomes from soil and nutrient management are nuanced and
complex, and are influenced by both site characteristics and small shifts in management.
Increases in soil health indicators are not reliably linked to society scale ecosystem
services, but can be more easily linked to agronomic and farm scale benefits. Subsurface
hydrologic nutrient export is poorly incorporated into understandings of clean water
regulation used by farmers and policy, but may be the pathways of greatest impact on
water quality. Similarly, greenhouse gas emissions from the soil surface are underresearched, yet they can offset gains in soil carbon associated with soil building practices.
Ecosystem services incentive programs that are performance-based can address the
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contextual differences of management impacts, but needs to account for these hard to
measure pathways in order to be accurate.
Soil health and farm economics were identified as important mediators
influencing drivers, outcomes and feedbacks in this social ecological system. Further,
we identified the importance of cost-share incentive programs and financial motivations
as significant determinants of farmers’ management decisions alongside environmental
stewardship in our two case study farms. Financial climate and market patterns emerged
as major limitations to management for environmental benefits. Overall, our research
points to the need for more comprehensive understandings of agroecosystem
performance that include hard to measure pathways for socially important outcomes, and
the critical value of payment for ecosystem service programs to support changes in
management that impart ecosystem services to public beneficiaries.
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Supplementary materials for chapter 3

Extractable
Potassium rating

Minor elements
rating

Change in
overall score

25

21

22

8

0

0

0

13

Hay field control
Corn with
CCMIRT

8

22

20

29

27

4

0

0

0

0

10

0

4

14

11

24

-3

0

-10

0

0

4

Corn control

-1

-7

19

7

13

-15

14

-1

0

0

2

Extractable
Phosphorus
rating

ACE Soil Protein
Index rating

36

Soil pH rating

SOM rating

49

Active carbon
rating

Aggregate
stability rating

-13

Field
Hay field with
aerator

Soil respiration
rating

Available water
capacity rating

Table 11. Changes in soil health ratings, 2016 to 2018

Table 12. Change in measured available water capacity, equivalent inches of rain and equivalent
gallons of available water per acre from soil tests in each field 2016 to 2018.

Field
Hay field with
aerator

Bulk density

Annual change in
measured
gravimetric
available water
capacity (AWC)

Change in
equivalent
volumetric AWC

Change in
equivalent mm of
rain for top 15 cm
soil

1.298

-0.010

-0.013

-1.96

Hay field
control

1.300

0.010

0.013

1.96

Corn field with
CCMIRT

1.299

0.010

0.013

1.96

Corn field
control

1.266

-0.020

-0.025

-3.81

Table 13. Soil organic matter content by field for 2012 and 2018, and estimates of carbon
sequestration for each agroecosystem in the top 15 cm of soil. I calculated a weighted bulk density
and then used organic matter content to estimate the change in organic m I calculated a weighted
bulk density and then used organic matter content to estimate the change in organic matter,
carbon and equivalent metric tons of CO2, per hectare, per year for each field. The relative
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difference between treatment and control fields can be used to indicate the directionality and
magnitude of impact the BMP had on these parameters on this site.

Field

%
OM
201
8

%
OM
2012

Hay
BMP
treat
ment
(1)

4

Hay
contro
l

5.
1

5.6

7.1

Change
in % OM
2012 2018

Change in
Organic
Matter,
MT/ha/year

Change in
Carbon,
MT/ha/year

Equivalent
MT C02/ha/year

1.6

89.4%, Covington silty
clay, 1.3 g/cm3
1.4% Palatine silt loam,
1.26 g/cm3
9.4%, Palatine silt loam,
1.26 g/cm3

6.23

3.12

11.43

2

100%, Vergennes clay,
1.3 g/cm3

7.8

3.9

14.3

3.12

1.56

5.71

Soil series and bulk
density to 15 cm depth

Difference in
metric tons
C02/ha/year
between BMP
and control
field

-2.88

85.9% Limerick silt loam,
1.3 g/cm3

Contin
uous
corn
BMP
treat
ment

4.
9

Contin
uous
corn
contro
l

3.
6

5.7

0.8

7%, Hadley very fine
sandy loam, 1.35 g/cm3
7% Winooski very fine
sandy loam, 1.25 g/cm3

4.1

0.5

34.6% Limerick silt loam,
1.3 g/cm3

2.23
1.9

10.95

3.48

65.3% Winooski very fine
sandy loam, 1.25 g/cm3

Table 14. Detailed account of fuel consumption associated with tractor tasks for all field
management, and equivalent MT CO2 per hectare.
Tractor management task

diesel gal/acre

equivalent lbs CO2/acre

Spread manure
Aeration
Cut & Bale 1st cut
Cut & Bale 2nd cut
Cut & Bale 3rd cut
Total

Hay field with aerator
1.155
0.300
1.050
1.050
1.050
4.605

Spread manure
Cut & Bale 1st cut
Cut & Bale 2nd cut
Cut & Bale 3rd cut
Total

1.155
1.050
1.050
1.050
4.305

Inject manure
Reduced-till plant
Spray
Harvest

1.430
0.350
0.100
3.600

MT C02/ha/year

25.872
6.720
23.520
23.520
23.520
103.152

0.029
0.008
0.026
0.026
0.026
0.116

25.872
23.520
23.520
23.520
96.432

0.029
0.026
0.026
0.026
0.108

32.032
7.840
2.240
80.640

0.036
0.009
0.003
0.090

Hay field control

Corn field CCMIRT

91

Inject manure
Drill cover crop
Total

1.430
0.350
7.260

Spread manure
Disk Harrow
Finish Harrow
Plant
Spray herbicide
Harvest
Spread manure
Total

1.155
0.550
0.400
0.400
0.100
3.600
1.155
7.360

32.032
7.840
162.624

0.036
0.009
0.182

25.872
12.320
8.960
8.960
2.240
80.640
25.872
164.864

0.029
0.014
0.010
0.010
0.003
0.090
0.029
0.185

Corn field control

Table 15. Summary of annual diesel fuel consumption for each field and equivalent MT CO2 per
hectare.
Field

gal/acre

equivalent lbs CO2

MT CO2/ha

4.605
4.305
7.26
7.36

103.152
96.432
162.624
164.864

0.116
0.108
0.182
0.185

Hay field with aerator
Hay field control
Corn with CCMIRT
Corn control

Table 16. Mean event runoff volume and nutrient load export for all rain events that generated
runoff in the EOF stations, by paired watersheds, for control and treatment periods.
Period
Calibration
Treatment
Calibration
Treatment

Watershed
CCMIRT Field
Control Corn Field
CCMIRT Field
Control Corn Field
Aerated Hay Field
Control Hay Field
Aerated Hay Field
Control Hay Field

Discharge
(mm/ha)
39639
40375
24477
22952
100307
82575
103360.1
92439.54

TP
(g/ha)
38.91
76.33
21.68
40.75
25.31
33.66
36.64
55.01
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TDP
(g/ha)
13.14
30.56
11.29
20.15
18.36
31.90
32.53
48.96

TN
(g/ha)
177.90
148.05
142.92
126.44
234.34
143.29
180.79
189.85

TDN
(g/ha)
132.04
62.97
119.11
83.19
103.91
126.30
147.60
151.54

TSS
(g/ha)
11073.30
24772.97
2836.80
12858.52
3245.80
908.09
2208.71
2479.24

Table 17. Mean difference in parameters between CCMIRT field and control corn field, for the
calibration and treatment periods. The equation used to determine to parameter was: Difference =
Treatment – Control. Significance levels of Wilcoxon rank sum tests are reported. An extreme
rainfall outlier greater than 3.5” during the calibration period was removed.
Concentrations
Difference
Difference
during
during
Calibration
Treatment
Period
Period
Concentration
Parameter
D TP (ug/L)

-517.03

D TDP (ug/L)

-310.98

-269.79
(0.42)

Loads
Difference
during
Calibration
Period
Load
Parameter
D TP (g/ha)

-40.78

D TDP (g/ha)

-20.10

(0.77)

Difference
during
Treatment
Period

-19.5
(0.14)
-11.08
(0.14)

D TN (mg/L)

-0.25

0.92
(0.07)

D TN (g/ha)

-53.16

15.44
(0.10)

D TDN (mg/L)

0.46

1.23
(0.20)

D TDN (g/ha)

-2.99

35.77
(0.30)

D TSS (mg/L)

-187.85

-118.8
(0.60)

D TSS (g/ha)

-17224.93

-8833.53
(0.27)

Table 18. Dry matter yield from aerated hay field trial in tons per acre, differentiated by cut.

dry matter yield in tons/acre
Aerated hay field
Control hay field
1.24
1.05
0.35
0.45
0.31
0.51
1.9
2.01

Year
2016

Harvest/Cut
1st
2nd
3rd
Total Annual yield

2017

1st
2nd
3rd
Total Annual yield

0.9
0.71
0.67
2.28

0.95
0.72
0.53
2.2

2018

1st
2nd
Total Annual yield

1.02
0.63
1.65

1.16
0.61
1.77
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Table 19. Economic comparison of cost and income in paired corn fields based on custom rates and
farmers records.
Control corn field, annual per acre summary
Year
cost
2015
$238.90
2016
$220.90
2017
$220.90

revenue
$1,500.00
$900.00
$900.00

gross margin
$1,261.10
$679.10
$679.10

CCMIRT Corn field, annual per acre summary
Year
cost
2015
$270.40
2016
$256.60
2017
$291.50

revenue
$1,125.00
$900.00
$900.00

gross margin
$854.60
$643.40
$608.50

Annual difference in gross margin per acre between corn fields
Year
difference in gross margin
2015
($406.50)
2016
($35.70)
2017
($70.60)
($170.93)
Average

Table 20. Economic comparison of cost and income in paired hay fields based on custom rates and
farmers records.
Control hay field, annual per acre summary
Year
cost
2015
$183.20
2016
$316.74
2017
$398.99

revenue
$334.56
$305.39
$308.82

gross margin
$151.36
($11.35)
($90.17)

Aerated hay field, annual per acre summary
Year
cost
2015
$212.20
2016
$385.37
2017
$414.86

revenue
$343.19
$367.70
$307.78

gross margin
$130.99
($17.66)
($107.08)

Annual difference in gross margin per acre between hay fields
Year
difference in gross margin
2015
($20.37)
2016
($6.32)
2017
($16.91)
($14.53)
Average
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Table 21. Detailed account of the economic cost-benefit analysis for both trials
Control Corn Field, detailed

CCMIRT field, detailed

Expenses

Expenses

Year

Item

per acre

Year

Item

per acre

2015

spread manure

$

63.70

2015

inject manure

$

88.80

2015

disc chisel plow

$

18.00

2015

roll

$

14.50

2015

disc harrow

$

18.20

2015

no-till plant

$

20.20

2015

finish harrow

$

14.50

2015

spray

$

11.30

2015

plant corn

$

20.60

2015

harvest

$

28.90

2015

Spray

$

11.30

2015

inject manure

$

88.80

2015

harvest

$

28.90

2015

drill cover crop

$

17.90

2015

spread manure

$

63.70

2016

inject manure

$

88.80

2016

Spread manure

$

63.70

2016

no-till plant

$

20.20

2016

Disk Harrow

$

18.20

2016

spray

$

11.30

2016

Finish Harrow

$

14.50

2016

harvest

$

28.90

2016

Plant

$

20.60

2016

inject manure

$

88.80

2016

Spray herbicide

$

11.30

2016

drill cover crop

$

18.60

2016

Harvest

$

28.90

2017

inject manure

$

88.80

2016

Spread manure

$

63.70

2017

no till plant

$

20.20

2017

Spread manure

$

63.70

2017

Herbicide

$

11.00

2017

Disk Harrow

$

18.20

2017

Harvest silage

$

63.70

2017

Finish harrow

$

14.50

2017

inject manure

$

88.80

2017

Plant

$

20.60

2017

drill cover crop

$

19.00

2017

Herbicide

$

11.30

2017

Harvest silage

$

28.90

2017

spread manue

$

63.70

Revenue
Yield/acre

price per ton

revenue
per acre

2015

15 tons

$ 75.00

$ 1,125.00

2016

18 tons

$

50.00

$ 900.00

2017

20 tons

$

45.00

$ 900.00

Year

Revenue
Year

Yeild/acre

price per ton

revenue
per acre

2015

20 tons

$ 75.00

$ 1,500.00

2016

18 tons

$ 50.00

$ 900.00

2017

20 tons

$ 45.00

$ 900.00
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Hay Control Field, detailed

Aerated Hay field, detailed

Expenses

Expenses
per acre

Year

Item

per acre

$ 59.00

2015

Spread manure

$ 59.00

$ 41.40

Aeration

$ 29.00

2015

Cut & Bale 1st cut
Cut & Bale 2nd
cut

2015
2015

$ 41.40

2015

Cut & Bale 3rd cut

$ 41.40

Cut & Bale 1st cut
Cut & Bale 2nd
cut
Cut & Bale 3rd cut

$ 41.40

2016

Spread manure

$ 63.70

2016

Aeration

$ 17.00

2016

Cut & Bale 1st cut
Cut & Bale 2nd
cut

$ 144.44

2016

Cut & Bale 3rd cut

$ 92.53

2017

Spread manure

$ 63.70

2017

Aeration

$ 17.00

2017

Cut & Bale 1st cut
Cut & Bale 2nd
cut

$ 162.65

Cut & Bale 3rd cut

$ 65.06

Year
2015
2015

Item
Spread manure

$ 41.40

2015
2015

2016

Spread manure

$ 63.70

2016

Cut & Bale 1st cut
Cut & Bale 2nd
cut

$ 116.57

2016
2016

Cut & Bale 3rd cut

$ 62.55
$ 73.92

2016
2017

Spread manure

$ 63.70

2017

$ 163.92

2017

Cut & Bale 1st cut
Cut & Bale 2nd
cut

2017

Cut & Bale 3rd cut

$ 100.59

$ 70.78

2017
2017

Year

cut

Revenue
bales/
acre

2015

1st

2.3

$ 118.38

2015

2nd

2.1

$ 108.09

2015

3rd

2.1

$ 108.09

2016
2016
2016
2017
2017
2017

1st
2nd
3rd
1st
2nd
3rd

4.0
2.2
2.5
4.3
1.9
2.6

$ 41.40

$ 67.70

$ 106.46

revenue per
acre
Revenue

$ 140.69
$
$
$
$
$

cut

bales/
acre

2015

1st

3.3

$

175.68

2015

2nd

1.6

$

83.75

2015

3rd

1.6

$

83.75

2016

1st

5.0

$

174.32

2016

2nd

2.3

$

81.71

2016

3rd

3.2

$

111.67

2017

1st

4.3

$

149.81

2017

2nd

2.8

$

98.05

2017

3rd

1.7

$

59.92

Year

75.49
89.22
150.98
65.20
92.65
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revenue per
acre

Table 22. Change in soil health indicators for all fields, 2016 – 2018.

Field
Aerated
hay
Control
hay
CCMINT
corn
Corn
control

Soil
respiratio
n value in
mg CO2

Active
Carbo
n
value
in
ppm

Soil
pH
value

Extractable
Phosphoru
s value in
ppm

2.8

0.3

68

0.1

2.7

2.4%

2.7

0.4

40

0.1

2.7

-1.9%

1.8%

2.1

0.2

-50

-0.1

4.4

-7.7%

0.7%

0.7

0.1

-157

0

4.8

Available
water
capacity
value in
g/g

Water
stable
aggregate
s

SOM
valu
e

ACE Soil
Protein
Index
value

-0.02

25.8%

1.3%

0.02

17.4%

0.02
-0.04

Table 23. Measured soil health parameters for all fields and years, conducted by the Cornell
Comprehensive Assessment of Soil Health (CASH).
Available
water
capacity
value in
g/g

SOM
value

ACE
Soil
Protein
Index
value

Water
stable
aggregates

Soil
respiration
value in
mg CO2

Active
Carbon
value
in ppm

Soil pH
value

Extractable
Phosphorus
value in
ppm

Hay
Treatment 2016

0.19

32.6%

4.3%

6.00

0.70

658.00

7.30

6.20

Treatment 2018

0.17

58.4%

5.6%

8.80

1.00

726.00

7.40

8.90

Control 2016

0.22

45.2%

4.7%

6.50

0.70

789.00

7.10

3.80

Control 2018

0.24

62.6%

7.1%

9.20

1.10

829.00

7.20

6.50

Corn
Treatment 2016

0.36

28.1%

3.9%

9.80

0.50

812.00

7.20

33.20

Treatment 2018

0.38

26.2%

5.7%

11.90

0.70

762.00

7.10

37.60

Control 2016

0.35

21.9%

3.4%

8.00

0.60

814.00

7.40

57.70

Control 2018

0.31

14.2%

4.1%

8.70

0.70

657.00

7.40

62.50

Field and
sample year
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Soil organic matter

Active carbon

3.0%

100

2.5%

50

2.0%

0
ppm

1.5%
1.0%
0.5%
0.0%

-50
-100
-150

Hay field
with
aerator

Hay field
control

-200

Corn fied Corn field
with
control
CCMINT

Hay field Hay field Corn fied Corn field
with
control
with
control
aerator
CCMINT

mg CO2

Soil respiration
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

ACE Soil Protein Index
3
2.5
2
1.5
1
0.5
0
Hay field
with
aerator

Hay field Hay field Corn fied Corn field
with
control
with
control
aerator
CCMINT

Hay field
control

Corn fied
with
CCMINT

Corn field
control

Figure 10. Change in biological soil health indicators, 2016 to 2018.

Extractable phosphorus

Soil pH
6.00

0.15

5.00

0.05

4.00
ppm

0.10
0.00

3.00

-0.05

2.00

-0.10

1.00

-0.15

0.00
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with
aerator
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Corn fied Corn field
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Hay field
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Hay field Corn fied Corn field
control
with
control
CCMINT

Figure 11. Change in chemical soil health indicators for all fields, 2016 to 2018
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Aggregate stability

0.03
0.02
0.01
0
-0.01
-0.02
-0.03
-0.04
-0.05
Hay field Hay field Corn fied Corn field
with
control
with
control
aerator
CCMINT

% water stable aggregates

g/g

Available water capacity
30
25
20
15
10
5
0
-5
-10

Hay field
with
aerator

Hay field Corn fied Corn field
control
with
control
CCMINT

Figure 12. Change in physical indicators of soil health on all fields, 2016 to 2018. There is a notable
change in directionality of available water capacity between control and treatment for both BMP
paired field trails. Aggregate stability increased for both perennial hay fields and decreased for both
annual corn fields.

Texture composition of sampled soil
100%
80%
60%

25%
29%

40%
20%

16%

33%

58%

13%

54%

56%
44%

24%

31%

Corn fied with
CCMINT

Corn field control

9%

0%
Hay field with aerator

Hay field control
Sand

Silt

Clay

Figure 13. Soil texture assessment of soil samples from top 15 cm of soil profile for all fields in 2018.
Corn field control and treatment fields are similar. Sand content in the hay field BMP treatment is
greater than the control field.
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Runoff volume from control field by runoff volume from treatment field

Model
Residuals:

Min
1Q
-14256 -9156

Median
-3953

3Q
4077

Max
28638

Coefficients:
(Intercept)
Discharge by treatment in L/ha

Estimate. Std. Error t value
Pr(>|t|)
1.252e+04
4.283e+03
2.923.
9.433e-01 4.663e-02 20.229 .
1.22e-10 ***

0.0128 *

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 13690 on 12 degrees of freedom, Multiple R-squared: 0.9715, Adjusted R-squared:
0.9691, F-statistic: 409.2 on 1 and 12 DF, p-value: 1.221e-10

Figure 14. Bivariate regression between discharge generated in the two fields during the calibration
period to assess similarity in hydrologic response to rainfall.

100

CHAPTER 4: THE ROLE OF FARMER NETWORKS IN
SUPPORTING ADAPTIVE CAPACITY: OPENING THE DOOR
FOR INNOVATION AND TRANSFORMATION IN THE
NORTHEASTERN US
Abstract
This paper explores the role of farmer networks in building the adaptive capacity
of small and diversified farmers in the Northeastern US. Previous research suggests that
farmers’ networks are the backbone of practical agricultural knowledge systems in the
US, serving as a critical venue where growers exchange and negotiate new ideas.
Drawing upon empirical evidence from a regional survey on climate resilience and a
series of focus groups conducted in collaboration with nine farmer organizations from
Pennsylvania to Eastern Canadian provinces, this paper examines how the emergence of
new ideas and agroecological innovations are influenced by geography, network
affiliation, and perceived agency. First, we use regression analysis to identify factors that
influence the use of no-till on diversified vegetable and berry farms, which is an emerging
innovation in this community. Our analysis shows that geography may not be a
significant driver of adoption among the population we sampled, which contrasts with
previous research on explanatory factors, yet affiliation with certain farmer networks was
significant in predicting the use or intended use of the practice. This quantitative analysis
is complemented by qualitative data from a series of focus groups in which farmers
identify the characteristics of certain networks which support them in addressing new
challenges. Farmers identified that networks support them in learning about new ideas,
accessing resources, and engaging in creative problem solving, through facilitation of
spaces for exchange with peers and experts and being responsive to their emerging needs.
Keywords: no till, agroecology, innovation, climate change, adaptive capacity
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Introduction
Projected increases in climate variability and extreme weather patterns associated
with climate change pose major challenges to agriculture globally (Walthall et al. 2012;
Hatfield et al. 2014; USGCRP 2018; Wolfe et al. 2018; Rosenzweig et al. 2014). Changes
in farm management, at both incremental and transformative scales, are imperative to
enhance farmers’ ability to address and withstand climate related risks (Howden et al.
2007; Janowiak et al. 2016). The imperative for adaptation is well founded, yet increased
understanding of the factors that influence farmers’ ability and willingness to adapt to
climate change remain an important point of inquiry. A strong body of research has
explored the way farmer perceptions influence adaptation behaviors, yet the role
networks play in agricultural adaptation to climate change remains poorly understood
(Davidson 2016). This paper fills that gap by exploring the role of networks in supporting
the adaptive capacity of farmers.
Research on adaptation behaviors among farmers based on the Theory of Planned
Behavior (Fishbein and Ajzen 2010) provides insight on how beliefs and attitudes
influence adoption of climate adaptation practices. The Theory of Planned Behavior
(Fishbein and Ajzen 2010) places emphasis on the intention that leads to action. Overall,
drivers of adaptation behaviors are not universal (Prokopy 2008). However, research has
determined that farmers’ diverse concerns, attitudes and beliefs influence their
willingness to make adaptive management decisions (Niles et al. 2013; Niles et al. 2016;
Haden et al. 2012). Perceptions of climate risk have also been associated with adaptation
behaviors (Mase et al. 2017). Importantly, perceived capacity has been associated with
both the intent to adopt climate adaptation practices, and the adoption of climate
adaptation practices (Niles et al. 2016; Gardezi and Arbuckle 2019). Additionally, the
extent to which farmers in the US are willing to consider and adopt adaptation practices
can be limited by climate science skepticism (Chatrchyan et al. 2017; Lane et al. 2019),
however this is not consistently the case (Niles et al. 2016). Research on the development
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and spread of innovations and the adoption of conservation practices also sheds light on
factors influencing the adoption of practices that that have climate adaptation benefits.
These factors are also diverse and contextual, but meta-analysis in the US context
revealed that access to, and quality of, information, financial capacity, and being
connected to an agency or local network of farmers were the most important factors
influencing individual decisions to adopt best management practices (Baumgart-Getz et
al. 2012).
Adaptive capacity is a useful frame to understand what enables and constrains
changes in agriculture in response to pressing challenges, and aptly complements the
scholarship on farmer decision-making. Together, they integrate the ways individual
agency and resource availability drive a farmers’ investment in climate adaptation.
Adaptive capacity is the ability to prepare for and respond to the effects of climate change
(Smit et al. 2001). This concept of capacity and capability is aligned with the concept of
perceived behavioral control as a precursor to action in the Theory of Planned Behavior
(Fishbein and Ajzen 2010). Farmers’ capacity to respond and prepare for the impacts of
climate change, among other challenges, is limited by both the combination of assets and
knowledge available to draw on, and the way a farmer manages them (Lengnick, 2015).
While knowledge is an important determinant of adaptive capacity, financial resources,
ecological assets, social networks, and physical infrastructure also influence farmers’
capacity to address climate change (Williams et al. 2015). Importantly, social capital has
been identified as a tool that can mobilize or access material adaptations, though critical
scholarship indicates that social capital can also enhance human capabilities and
influence institutions that support adaptation (Pelling and High, 2005).
Research has identified that farmer networks play a role in supporting farmers to
innovate and transform in the face of new challenges and opportunities (i.e. Kroma 2006;
Carolan 2006; Hassanein and Kloppenberg 1995, Nelson et al. 2014) and have the
potential to influence climate adaptation decision making, support the generation of
needed knowledge and enhance resource access. Farmer networks are places where
knowledge is sought from peers with shared experience that can be directly applied to
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their individual farm (Wood et al. 2014). Research in diverse contexts demonstrates that
farmers learn readily in networks (Conley and Udry, 2001) and often prefer to validate
knowledge within peer groups, trusting fellow farmers to vet new information (Hassanein
et al. 1999; Foster and Rosenzweig, 1995).
Diffusion of Innovations Theory posits that both spatial proximity between
farmers and social network interactions influence adoption of innovations (Rogers 2003).
The influence of geographic proximity is known as the “neighborhood effect” and has
been empirically confirmed (eg. Boncinelli et al. 2015; Nyblom et al. 2003). Peer and
social networks are understood to be critical access points for new information and
learning, and farmers who participate in more networks may have higher adoption of
innovation rates (Rogers 2003; Hogset and Barrett 2010). Farmer networks support
learning and adoption via identity-based learning and evidence-based learning. Identitybased learning occurs among individuals with similar backgrounds, based in mutual
identity and close familiarity (Flora et al. 2016), sometimes as action to conform with
their identified group (Klandermans et al. 2002). Notably, it is late adopter groups tend
to be more influenced by peers and social norms (Rogers 2003). Evidence-based learning
may take place regardless of identity influences.

Networks facilitate empiricist

information exchange among peers, and also reduce cognitive distance in a way that
effectively communicates complex information relying on tacit knowledge (Wood et al.
2014). This exchange of complex knowledge and skill building in farmer networks has
been observed to facilitate sustainability transformative changes to grazing on
confinement dairy farms (Nelson et al. 2014; Hassanein and Kloppenberg 1995). It is
the specific relationships among peers that plays an important role in innovation
processes, conducive to conversations about uncertainty and challenges (Wood et al.
2014).
Farmer networks represent a fundamentally different model of information
sharing, innovation and resource sharing compared to dominant top-down transfer of
technology which agricultural extension and international development programs were
based on (Kirchhoff et al. 2013). The key ontological assumption behind participatory
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action research (PAR) is that humans are dynamic agents capable of self-change and
reflexivity (Kindon et al. 2007). PAR asserts that diverse forms of knowledge make
valuable contributions to research and real-world solutions, and that increasing
engagement in process of knowledge co-production leads to increased usability of
information. Further, PAR draws on Lewin’s assertion that inferences about human
behavior are more valid and actionable when participants are engaged in building them
and committed to the results of inquiry (Argyris and Schon 1989). Advancements in
approaches to agricultural extension have attempted to incorporate and account for
participatory and non-hierarchical approaches of linking knowledge to action (Lubell et
al. 2014; Heleba et al. 2016). Yet, while agricultural extension models have evolved,
farmer networks which sprouted organically among agroecological movements have
long relied on collaboration, peer learning and limited resources (Kroma 2006). These
niche sustainable agriculture cases are examples of socio-technical alternatives to a
dominant food system, which successfully incubate agroecological approaches
(Anderson et al. 2019; Wigboldus et al. 2016, Geels 2011) and thus offer important
lessons for enhancing the sustainability of agriculture in the face of climate change.
Socio-technical approaches to understanding change and innovation highlight the
way political and environmental landscape influence niche and regime. Agricultural
innovation systems theory emphasizes how innovations emerge from the character of
interactions among diverse actors in a system, attributing the development and spread of
innovative ideas to the structure of knowledge exchanges and resources available within
an agricultural community (Klerkx et al. 2012). Similarly, the Extension 3.0 concept
highlights how networks cooperate to deliver “relevant knowledge to the right people at
the right time and place,” (Lubell et al .2014, p.1090) with the express potential to
enhance agroecological resilience via farm management decisions. Both of these
advancements in conceptualizing the emergence of innovations and management
changes put emphasis on opportunities for exchange among multiple actors. Farmers in
sustainable agriculture have developed capacities to manage change through farmer-led
innovation and knowledge exchange that is catered to their unique information and farm
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needs (Carolan 2006; Kroma 2006; Sumane et al. 2017; Dolinska and Aquino 2016).
Carolan (2006) and Kroma (2006) describe the way farmer’s knowledge systems in the
US sustainable agriculture movement developed in the absence of the same significant
support provided by traditional research and extension institutions to conventional
commodity farming systems in North America.

Research questions & hypotheses:
Our paper draws upon quantitative and qualitative data from our research with
farmers in the northeastern US and eastern Canada to shed light on how agroecological
transformations transpire and what enhances adaptive capacity. Our study draws from
complementary theories of farmer behavior and change to contribute regional scale
analysis of what influences adoption in the northeastern US, an undertaking we have not
seen published elsewhere. Additionally, while the body of scholarship exploring the
importance of farmer networks in adaptation to climate change is growing, few studies
have documented both the explanatory and exploratory analyses of how differentiated
characteristics among farmer networks influence the diffusion of farmer-led,
agroecological innovations.

Through these contributions we explore the nature of

sustainability transitions on farms in the northeastern US by looking at the following
specific research questions and hypothesis:
RQ1: What drives the innovation and use of emerging agroecological strategies?
To answer RQ1, we developed a hypothesis based on research and theories.
Based on the Theory of Planned Behavior (also known as the Reasoned Action
Approach) climate change attitudes and other cognitive factors may influence adaptation
behaviors (Fishbein and Ajzen 2010). Based on the literature explored in the introduction
we believe affiliation with farmer networks may influence adoption of farm management
practices (i.e. Baumgart-Getz et al. 2012), as may perceived capacity (i.e. Niles et al.
2014). Additionally, diffusion of innovation theory posits that innovations spread among
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farmers via both peer groups and geographic communities (Rogers 2003). Together these
understandings lead us to test the following hypothesis:
H1: We expect climate change beliefs, perceived capacity and geographic community
to influence the emergence of farm management practices for adaptation to climate
change.
RQ2: How do networks support the adaptive capacity of farmers?
To answer RQ2 we use qualitative data from focus groups with farmers in
sustainable agriculture networks in the Northeastern US to better understand the nuances
of how network support their capacity to address climate change.

Methods
Study design and context
This study uses a sequential convergence triangulation model of mixed methods
(Creswell 2006) to explore the role of farmer networks in agroecological transformations
among vegetable farmers in the northeastern US. Mixed methods triangulation is
described by Creswell (2006) as a more traditional style of mixed methods, which
compares analysis of complementary datasets on the same topic in the discussion section.
This approach brings together the different strengths of the two methods to enhance our
understanding of the research question from multiple perspectives (Ellingson 2013).
Here, we draw on complementary data sets collected in a multiphase regional
research project which explored agricultural adaptation and resilience to climate change
in the northeastern US (Figure 15). The project was designed using principles of
participatory action research to engage farmers in each stage of the research process
(Mendez et al. 2017). We embedded our project and data collection efforts within the
information landscape of the farming community. Over the course of three years, our
team attended fifteen farmer conferences, where we collected data, presented our results
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and shared relevant resources on climate resilience at exhibitor tables, amounting to over
300 hours of participant observation. Observations among the research team during the
course of the project informed our process of inquiry and contextualized the responses to
our surveys and focus groups.
Quantitative data collection
In the first phase of our research, a regional survey was conducted with diversified
vegetable and berry farmers in the Northeastern US to identify how they were adapting
to the increasing incidence of extreme precipitation and drought. The survey was
developed with input from agricultural advisors and farmers, and then administered in
partnership with farmer organizations across New England using a convenience sampling
approach and a tailored, mixed-mode survey design (Dillman et al., 2014) as described
in White et al. (2018). Survey responses were solicited in-person at eight farmer
organization events in Maine, New Hampshire, Massachusetts, and Vermont and via
email through four farmer list-servs between November 2017 and March 2018. Protocols
and questions were approved by the University of Vermont Office for Human Research
Protections.
The survey contained questions about practices used to manage for climaterelated risks, planned adaptation, and strategies considered promising and innovative.
The survey also included questions about farmers’ experience, education, farm size,
climate beliefs, perceived vulnerability and capacity, and network affiliation. The survey
yielded 193 respondents with farms from across the sates in the northeastern US and
eastern Canada, though respondents were primarily from the four states in which we had
visited to obtain the sample.
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Figure 15.Complementary regional data sets in a sequential convergence triangulation model of
mixed methods

Table 24. Listening tour locations and attendance. MOFGA is the Main Organic Farmer and
Gardeners Association, ACORN is the Atlantic Canadian Organic Regional Network, VVBGA is
the Vermont Vegetable Growers Association, NOFA is the Northeast Organic Farmers
Association, which has state chapters, PASA is the Pennsylvania Association of Sustainable
Agriculture.

Location

Network

Event type

Maine

MOFGA

Prince Edward
Island, Canada
Vermont
Vermont
New York

ACORN

Massachusetts

NOFA MA

Pennsylvania

PASA

Vermont
Vermont

NOFA VT
NOFA VT

Focus group & farmer-tofarmer session
Focus group & farmer-tofarmer session
Focus group
Focus group
Focus group & farmer-tofarmer
Focus group & farmer-tofarmer session
Focus group & farmer-tofarmer session
Farmer-to-farmer session
Focus group

VVBGA
VVBGA
NOFA NY

Total attendees:
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Number of
attendees
20
12
4
9
41
20
39
22
7
173

Qualitative data collection
One year after the survey, we conducted focus groups and participant observation
to better understand what information and resources would support farmers’ resilience to
climate change. We returned to farmer network meetings across the region to share our
results from the survey, and were invited to additional network meetings, which
represented a greater geographic scope than the first year. This included Pennsylvania,
New York, and Prince Edward Island (Canada). At these events, we presented the results
of our survey, detailing the ways in which farmers reported already adapting to extreme
weather impacts, and then invited them to participate in the analysis. This participatory
analysis was invited formally through focus groups and farmer-to-farmer sessions, which
were hosted in tandem with the presentations, sometimes immediately afterwards, and
sometimes at a different time within the same network. Focus group protocols were
approved by the University of Vermont Office for Human Research Protections. Overall
nine conversations with 173 farmers ensued, in what we called a listening tour among
seven farmer networks (Error! Reference source not found.). Community listening
sessions bring people together to share perspectives on an issue, and are often less
structured than focus groups (Schreiber et al 2020). Listening sessions and focus groups
are approaches suitable for action research because they engage researchers and
stakeholders in knowledge sharing spaces which depart from the historic unidirectional
models of information dissemination (Schreiber et al 2020). We used a semi-structured
focus group format with discussion prompts asking farmers about what resources they
rely on to support their farm’s resilience to climate change, and what resources they
needed to support their resilience to climate change. During farmer-to-farmer sessions,
our focus group research prompts were shared, and then farmers were invited to bring up
their most salient concerns and ideas. Topics of conversations were convergent among
the focus group and farmer-to-farmer sessions, but in the farmer-to-farmer sessions
additional time was dedicated to address farmers’ emergent concerns. This led to
exchanges of knowledge among participants within the session, which both enhanced our
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dataset and supported peer learning in the community. During all sessions, agreement
and knowledge exchange between participants was acknowledge by both verbal and
nonverbal agreement cues.

Quantitative data analysis
No-till as an emerging agroecological innovation
Over three years of conducting stakeholder engaged research among specialty
crop farmer groups in the northeastern US, our research team observed the use of no-till
among vegetable producers as the subject of current farmer-led innovation and
knowledge building. During the course of our research, we sat in on highly attended
workshops at farmer network meetings where growers described the ways they were
incorporating large sheet-plastic ground coverings (i.e., ‘tarps’) to integrate no-till into
their vegetable production operations. We also attended two day-long intensive farmerfocused workshops dedicated to the use of tarps to achieve no-till, taught by a
combination of extension professionals and farmers. The use of tarps to eliminate tillage
was described as achieving the same ecological and agronomic benefits as the no-till used
in field and commodity crop production (Derpsch et al. 2010). Yet, addressing the unique
challenges of integrating tarping times into rotations and cover crops, what to use for
anchoring, and how to achieve termination in vegetable production systems were subject
to lively discussion.
Survey responses from the first year of our research also reflect no-till as an
emerging and innovative practice. Among responses to the regional survey, farmers
included no-till in answers to multiple questions. Combined, consideration or use of notill for managing extreme precipitation risks occurred in 46% of cases. Within that, 19%
of respondents said they planned to adopt no-till or considered it innovative and
promising for addressing climate related risks, 24% of respondents already use no-till to
manage for the risk of drought, and 31% of respondents reported already using no-till to
manage for the risk of extreme precipitation.
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No-till model description & dependent variables
We used binomial logistic regression modeling to test the influence of a suite of
predictor variables on the emergence of no-till among vegetable farmers for adapting to
climate-related risks. The timing of our survey offers a unique snapshot of how this
practice was being adopted and considered by the region’s vegetable farming community
while in a period of innovation and information sharing. In order to better understand
what might be influencing the emergence of this practice, we ran models for two different
relevant dependent variables; the adoption of no-till to manage for heavy precipitation or
drought, and the occurrence of no-till in answers to any of our questions about adaptation
to heavy precipitation or drought. The occurrence of no-till in our survey responses may
offer a better picture of how ideas about no-till are spreading through the community, but
prior research has established that the influences on adoption and intent to adopt a
practice can be different (Niles et al. 2016). Thus, by comparing them we can shed more
light on how ideas about the emerging innovation are moving through the community,
and what is influencing the adoption of the practice.
In the model predicting adoption of no-till, the binary dependent variable
indicates the respondent selected “no till” in response to either, or both, multiple choice
questions asking:
•
•

Which practices do you use to manage heavy precipitation and flooding on your farm?
Which practices do you use to manage drought on your farm?

In the model predicting the occurrence of no-till, the binary dependent variable
indicates that the respondent included no-till in the answer to any of the following
questions:
•
•
•
•
•

Which practices do you use to manage heavy precipitation and flooding on your farm?
What changes have you made on your farm because of this experience with heavy
precipitation or flooding?
What changes are you planning to make in the near future which will help you manage
for the risk of heavy precipitation or flooding?
In your opinion, what is the most promising, interesting or innovative strategy for
adapting to heavy precipitation and flooding that you have heard about?
Which practices do you use to manage drought on your farm?
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•
•
•

What changes have you made on your farm because of this experience with drought?
What changes are you planning to make in the near future which will help you manage
for the risk of drought?
In your opinion, what is the most promising, interesting or innovative strategy for
adapting to drought that you have heard about?

Here, we used the data transformation model of triangulation methods, as
described in Creswell (2006, page 63), to thematically code qualitative data and then
dichotomously score them as present or not present for each answer. This data was then
integrated with other quantitative data from the survey to perform regression analysis on
relationships, similar to methods published in Pagano et al (2002). The resulting binary
variable represents the occurrence of no-till for each case (respondent).
Analysis was conducted using R studio software using generalized linear models
assuming binomial distribution with the logit link function. Code for running the model
used the glm function, with family = binomial and a logit link. Within the dataset,
missing values were replaced with NA. Binary variables (0,1) were converted to factors
prior to running models. Finally, the dataset was trimmed to include only farmers who
indicated that they grow vegetables, removing responses from 55 farmers who grow
exclusively fruits or berries.
Independent variables
Independent variables considered in our model include predictors that have been
shown to influence the adoption of climate adaptation practices for which we had data
(Table 25). This includes farm size, farmer experience, level of education, organic
certification, climate beliefs, and perceived capability. We also included factors that have
been shown to influence the spread of innovations in agricultural communities,
specifically farmer network affiliation and geographic community. We used the state in
which the farm was located to identify the way geographic community influences the
emergence of no-till. To incorporate the influence of farmer networks in the model, we
included both the number of networks which farmers were affiliated with, and affiliation
with each of nine different farmer organizations and networks.
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In preparing data for the model, categorical independent variables were
transformed to numeric ordinal encoding when possible (i.e. level of education and farm
size) (Table 25).
Pearson correlations between ordinal numeric variables identified potential
collinearity among:
•
•

‘Age’ and ‘years as a decision maker on a farm’, which are two different
indicators of experience, and
‘Acres’ and ‘sales’, which are two different indicators of the size of the farm.
We compared these potentially colinear variables by running t-tests against the

dependent variable (details in supplementary materials). Of the two, the one with a
higher p-value was removed, leaving ‘years as a decision maker on a farm’ and ‘sales’ to
be included in the model parameters.
We used factor analysis to determine if we could combine variables that were
measuring similar belief and perception constructs. Our analysis determined that the
climate belief questions could be aggregated into a single scale, but questions about
perceived capability and response were unique enough that they should stay
separate. Principal component factor analysis on climate beliefs yielded a single factor
(eigenvalue 2.16), with the factor loadings of 0.8884, 0.8446, and 0.8121. The combined
alpha for putting these altogether in a scale was 0.8059 (scale reliability coefficient).
Climate belief perceptions factored into a single scale are included in the model. There
is sufficient precedent associated with this approach to independent variables in logistic
regression on climate adaptation among farmers (i.e. Niles et al. 2016; Mase et al. 2017).
The remaining ordinal perception and belief variables were dichotomized based
on inspection of distribution by three researchers. Dichotomous division was placed as
close to the median of the distribution as possible. Dichotomization was possible for all
variables, except for the variable regarding knowledge. The knowledge variable had a
high number of responses which were “3” representing “neither disagree or agree.” In
this case, we created two binary variables. The first one identified respondents who
indicated they agreed or strongly agreed that the had the knowledge and technical skills
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to address weather related threats to their farm. These are farmers who selected “4” or
“5” and self-identified as highly knowledgeable compared to their peers. The second
variable represents farmers who have a moderate confidence in their knowledge and skill
to address weather-related threats to their farm. These are farmers who selected “3” and
self-identified as having a moderate amount of knowledge, compared to their peers. To
summarize, the transformed variables which were included in the model are binary
representations of the original data.
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Table 25. Independent variables considered in the logistic regression models

Variable name

Question details

Type

How many total acres do you farm?
(Total acres in production or rotation
this year.)
How many acres are certified
organic?
How many years have you been a
primary decision maker on a farm?
What is your highest level of
education?

Continuous

Farm & farm characteristics
Acres
Organic certification
Years as a decision maker
Education

Gross annual farm income

Gross annual farm income
(multiple choice)

Age

How old are you?

Continuous
Continuous
6 levels
1 = Some formal education, Less
than high-school
2 = High school graduate/GED
3 = Some college
4 = 2-year college/technical degree
5 = 4-year college degree
6 = Graduate degree (MS, MD,
PhD, etc.)
7 levels
1 = less than $1,000
2 = $1,001 - $49,000
3 = $50,000 - $149,000
4 = $150,000 - $349,000
5 = $350,000 - $999,999
6 = $1,000,00 - $4,999,999
7 = more than $5,000,000
Continuous

Belief and perception of climate risk
Climate Belief Scale
Climate influences
management
Climate causes
extreme weather
Practices are
inadequate to address
climate risks

Principle component factor analysis
of the following three questions:

Integer, 1:5

Likert scale of agreement 1:5
Extreme weather events in recent
years have affected my long-term
farm management goals.
Likert scale of agreement 1:5
The increased intensity of droughts,
storms, and floods is a result of
climate change.
Likert scale of agreement 1:5
I am concerned that available best
management practice technologies
are not effective enough to protect
the land I farm from the impacts of
climate change

(Eigenvalue 2.16, with the factor loadings of 0.8884, 0.8446, and 0.8121. Combined alpha for
putting these altogether in a scale was 0.8059)
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Perceptions of capability and response
Understanding of
vulnerability

Likert scale of agreement 1:5
“I understand the vulnerability of my
farmland to extreme weather
conditions.”
Integer, likert scale of agreement 1:5
“I have the knowledge and technical
skill to deal with any weather-related
threats to the viability of my farm
operation.”
Integer, likert scale of agreement 1:5
I
“ have the knowledge and technical
skill to deal with any weather-related
threats to the viability of my farm
operation.”
Integer, likert scale of agreement 1:5
“I have the financial capacity to deal
with any weather-related threats to
the viability of my farm operation,
including crop insurance.”
Integer, likert scale of agreement 1:5
“My community and social networks
will support my farm in recovering
from the severe impacts of weather
variability.”

Dichotomization into binary
variable, where;
0 = 1:3
1 = 4:5
Dichotomization into binary
variable, where;
0 = 1:2, 4:5
1=3

Network affiliation

What farming groups and networks
are you a member of, or get
information from? (multiple choice)

Binary;
0 = not a member
1 = member

Number of networks

Number of networks respondent
identified as being a member of

Continuous

Where is your farm located?

Categorical variable.
Fixed effects model interprets each
state as an independent binary
variable where
0 = not identified
1 = identified as location of farm

Moderate knowledge and
technical skill

High level of knowledge and
technical skill

Financial capacity

Community support

Dichotomization into binary
variable, where;
0 = 1:3
1 = 4:5
Dichotomization into binary
variable, where;
0 = 1:2
1 = 3:5
Dichotomization into binary
variable, where;
0 = 1:2
1 = 3:5

Network affiliation

Geographic community
State
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Model specifications
Our analysis used four models to determine the influence of the independent
variables on the dependent variables. In the first model, we included the ‘state’ variable
as a fixed effect alongside the other independent variables. In the second model, we
included the ‘state’ variable as a random effect, with all the other independent variables
being fixed. Both of these models indicated that variability in the outcome was not
attributable to the state variable. Subsequently, we removed the ‘state’ variable and ran
two final models that compare the influence of the independent variables on the
dependent variables. A binomial logistic regression model predicts the log odds ratio of
the dependent variable occurring, based on the independent variables:
logit(p) = log(p/(1-p)) = β0 + β1*x1 + … + βk*xk
In our final two models the regression model predicts the probability of no-till
based on, experience, education, farm size by gross annual income, organic certification,
perceptions, climate beliefs and network affiliation:
P (no-till) = β0 + β0Organic + β0Years as a decision maker + β0Education level +
β0Gross annual farm income + β0Climate belief scale + β0Perceived
vulnerability + β0Percieved knowledge & skill + β0Percieved financial
capability + β0Percieved community support + β0Network affiliations+
β0Number of network affiliations
The odds ratio is a more useful number for interpretation of the results, so we
transformed the coefficients. The odds ratio is interpreted as a measure of how many
times more likely it is that a farmer from our sample has adopted no-till for every one
unit increase in the predictor variable. To get the odds ratio, we calculate the coefficient
used as the exponent base e, using the following equation:
e^[coefficient] = p/p-1
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Qualitative data analysis
Analysis of transcripts from the focus groups was carried out in the tradition of
grounded theory described by Charmaz (2006) with the research question in mind (What
characteristics of farmer networks support farmers’ adaptive capacity?). Our process
was inductive, comparative, iterative, and interactive (Charmaz and Belgrave 2012).
During initial readings of the transcripts we identified portions of the conversations in
which farmers discussed farmer networks as important resources that support their
resilience to climate change. In our coding and iterative sensemaking process, transcripts
were read by two researchers who independently made notes about the themes and
categories within the dataset. These memos were compared and discussed, and then used
to create a coding tree that included both category codes and emergent themes that
connected across the dataset (Maxwell 2012). The resulting coding tree was used to code
through the data using NVivo software and then revised to better reflect additional
emerging themes, in an iterative process of sensemaking.
Our analysis of the qualitative data initially focused on identifying portions of the
data where farmers discussed the phenomena we center our inquiry around, but in
successive readings of the transcripts we observed portions of the transcripts in which
farmers engaged in the peer exchanges of knowledge. During the analysis process we
noted that farmers identified the way farmer networks create space for peer exchange of
information as one of the key things they valued. Subsequent readings of the transcripts
revealed examples of this phenomenon of information exchange and peer learning
happening within our recorded farmer-to-farmer and focus group sessions. This makes
our data set and analysis unique and rich, where participants discuss and reflect on a
phenomena while also engaging in the same phenomena.

119

Results
In this section, we first present analysis of the quantitative data, which points to
the importance of farmer networks in influencing the adoption of no till among vegetable
farmers for climate adaptation. Then we present the qualitative data, which explores
farmers perspectives in on how farmer networks support their adaptive capacity.
Influences in the emergence of no-till as an agroecological adaptation to climate
change
Survey respondent characteristics
Among vegetable farmers who responded to the survey, 46% reported having
organic certified acreage. Average years as a decision maker was 14. 57% of respondents
reported their highest level of education as four years of college, 19% reported
completing an advanced degree, 13% reported attending some college, 6% reported
having completed a two-year college technical degree, and 5 % reported high school as
their highest level of education. The average range of reported gross annual farm income
was between $50,000 - $149,000.
A majority of respondents to the survey tended to agree with statements about
climate beliefs (Figure 16). 81% agreed that the increased intensity of droughts, storms,
and floods is a result of climate change. 63% agreed that extreme weather events in recent
years have affected their long-term farm management goals. 55% reported that they are
concerned that available best management practice technologies are not effective enough
to protect the land they farm from the impacts of climate change.
While most survey respondents indicated that they understand their vulnerability
to extreme weather impacts, far fewer expressed confidence in their capacity to address
or respond to extreme and variable weather (Figure 17). 74% agree that they understand
the vulnerability of their farmland to extreme weather conditions. Only 33% believe they
have the knowledge and technical skill to deal with weather-related threats to the viability
of their farm operation. 29% believe community and social networks will support their
farm in recovering from the severe impacts of weather variability. Importantly, 53% do
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not believe they have the financial capacity to deal with weather-related threats to the
viability of their farm operation.
The average number of networks which farmers reported being affiliated with
was three. 71% of respondents indicated affiliation with between 1-3 farmer networks.
The highest number of networks a farmer indicated being associated with was ten.
Geographic influence on the emergence of no-till
Independent variables in our first models included the state in which the farm was
located, reflecting our assumption that geography may have influenced the spread of the
practice. In the first model, we ran all independent variables as fixed. As ‘state’ is a
categorical variable, each state became an individual binary predictor variable in the
model. In the model output, none of the states were significant in predicting the outcome,
and had very high p-values, in a range between 0.999 and 0.994. We subsequently
modified the model to account for state as a random effect, and variance attributed to the
random effect in this model was 0. We concluded that the state variable was not
influencing the probability of no-till adoption, and subsequently removed it from future
models. Full outputs from these first two models are included in the appendix of this
manuscript.
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The increased intensity of droughts,
storms, and floods is a result of climate
change.

Extreme weather events in recent years
have affected my long-term farm
management goals.
I am concerned that available best
management practice technologies are not
effective enough to protect the land I farm
from the impacts of climate change

Figure 16. Vegetable farmers’ level of agreement with climate belief statements, where 1 is strongly
disagree, and 5 is strongly agree.

I understand the vulnerability of my
farmland to extreme weather conditions.
I have the knowledge and technical skill to
deal with any weather-related threats to
the viability of my farm operation.
My community and social networks will
support my farm in recovering from the
severe impacts of weather variability.
I have the financial capacity to deal with
any weather-related threats to the viability
of my farm operation, including crop
insurance.

Figure 17. Vegetable farmers’ level of agreement with statements about perceived vulnerability
and capability, where 1 is strongly disagree, and 5 is strongly agree.
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Factors influencing the adoption and emergence of no-till
Two models in Table 26 examine factors that influence the adoption of no-till to
manage for extreme precipitation and drought, and the emergence of no-till as an
innovation for adapting to climate related risks.
Belief in climate change, years as a decision maker, perceived vulnerability,
financial capacity, community support and affiliation with some farmer networks are all
significant predictors of the adoption of no-till (P< 0.05 and P<0.1). In the model
describing the emergence of no-till (as both adoption and consideration of the practice)
belief in climate change, education, years as a decision maker, perceived vulnerability,
community support and affiliation with some farmer networks are all significant. Years
as a decision maker is negatively associated with the adoption and emergence of no till,
meaning that farmers with less experience are likely to adopt no-till (P< 0.05). Education
level is negatively associated with the emergence of no-till (P< 0.05), but not significant
in predicting actual adoption. Farmers who believe in climate change are more likely to
have adopted no-till to manage for climate related risks (P<0.1), and to have considered
it adaptive. Being confident in understanding their farm's vulnerability to weather-related
threats makes vegetable farmers more likely to adopt no till (P<0.1), and to consider it
adaptive (P< 0.05). Farmers with greater financial capacity are more likely to adopt notill (P< 0.05), but financial capacity had no significant bearing on the consideration that
no-till is adaptive. Farmers who perceive their community will support them in
addressing climate impacts are less likely to adopt or consider no-till to be adaptive (P<
0.05).
The heterogeneity in directionality and significance among how network
affiliations predict the adoption or consideration of no-till in our model is a unique
finding. Farmers affiliated with Network D were 20 times more likely to have adopted
no-till, nine times more likely if they are affiliated with Network F, and seven times more
likely if they are affiliated with Network H. Affiliations with Network A, Network C
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and Network E are negatively associated with the adoption and consideration of no-till,
and while not significant, this indicates that not all networks are the same in the way they
influence the emergence and adoption of practices.

Table 26. Factors affecting adoption and emergence of no-till among vegetable farmers in the
Northeastern US, using binomial logistic regression.

Adoption of no-till to manage
for precipitation extremes
Predictors

Adoption and consideration of no till for
adaptation to precipitation extremes

Odds Ratios

CI

p

Odds Ratios

CI

p

(Intercept)

0.00

0.00 – 0.81

0.054

0.01

0.00 – 0.94

0.06

Organic

0.99

0.96 – 1.01

0.605

1.00

0.98 – 1.01

0.60

Years as a decision maker

0.92

0.85 – 0.99

0.040

0.90

0.82 – 0.97

0.011

Education level

0.68

0.32 – 1.39

0.285

0.48

0.21 – 0.96

0.048

Gross annual farm
income

0.90

0.47 – 1.65

0.731

0.67

0.31 – 1.28

0.249

Climate risk belief &
perception (Scale)

2.56

1.18 –6.68

0.030

3.11

1.35 – 8.59

0.023

Perceptions of capability and response
Understanding of
vulnerability

8.05

1.19 – 93.80

0.056

31.65

3.80 – 506.05

0.004

High level of knowledge
and technical skill

0.41

0.06 –2.67

0.366

1.63

0.23 – 11.69

0.619

Moderate knowledge and
technical skill

0.27

0.03 – 1.81

0.191

2.34

0.38 – 16.88

0.369

Financial capacity

6.55

1.29 – 46.20

0.035

2.13

0.43 – 11.64

0.359

Community support

0.19

0.03 – 0.90

0.046

0.13

0.02 – 0.68

0.025
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Network affiliation
Number of network
affiliations

1.01

0.20 – 4.47

0.986

1.65

0.38 – 7.39

0.496

Network_A

0.17

0.01 – 1.91

0.168

0.18

0.01 – 1.93

0.178

Network_B

1.46

0.14 – 17.54

0.755

0.30

0.02 – 2.98

0.317

Network_C

0.59

0.04 – 7.54

0.685

0.11

0.01 – 1.49

0.117

Network_D

20.18

2.28 – 258.18

0.011

221.24

14.84 – 7708.07

0.001

Network_E

0.66

0.03 – 14.83

0.787

0.19

0.01 – 4.46

0.318

Network_F

9.27

0.94 – 135.85

0.070

29.06

2.38 – 572.80

0.014

Network_G

1.95

0.18 – 25.62

0.588

0.60

0.06 – 6.18

0.667

Network_H

7.08

0.81 – 89.41

0.093

6.07

0.56 – 77.17

0.139

Network_I

3.23

0.21 – 65.56

0.414

6.53

0.30 – 301.02

0.269

Other networks

5.20

0.88 – 42.00

0.086

7.89

1.13 – 70.29

0.045

Observations

97

97

R2 Tjur

0.397

0.521

Characteristics of farmer networks that enhance adaptive capacity
Throughout the community listening tour, farmers described different ways that
networks enhanced their ability to prepare for and respond to impacts of climate change.
Their reflections discussed how farmer networks in the northeast enable growers to learn,
increase access to resources, and develop collective solutions to shared problems. Here
we present our analysis of the community listening tour in this regard, starting with a
description of the ways networks were reported to connect farmers with other resources.
Then we share the way networks were described as being responsive to emerging needs.
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Finally, we explore farmers’ descriptions of the different deliberative spaces for
collaborative learning and problem-solving created by networks.
Enhanced access to other resources
Networks are, almost by definition, a collection of connections and
interconnections. In the listening sessions, farmers described many of the ways their
network connected them to other resources and how they valued this as enhancing their
capacity to address climate change.
Networks were described as valuable in connecting farmers to each other to ends
of enhancing social connectivity and personal confidence. One farmer reflected that the
network, “connects you to a larger community and other farmers,” which built her
confidence and skills. She qualified her statement, saying that it depends on the extent
to which one engages with the network. “For me it does,” she said, but for others it might
not. Social connectivity is an important role, as another farmer reflected that without the
structures these networks provide, “we get lost into our own little farms.”
Farmer networks also connect farmers to information and expertise which helps
them better adapt their agroecosystem to climate impacts and implement practices. As
one participant explained; “I think right now the best place that I can find information is
from the farmer meetings.” In one meeting, we observed farmers recommend landscape
planning consultants to help one farmer with flooding issues. In another session, a farmer
asked a question about how to seed cover crops into no-till systems, and a discussion
among six farmers ensued about how to ensure germination, how termination could be
achieved and how access a no-till drill through the local conservation district. Some
farmers cited formal mentor pairing programs, but often described how key extension
staff filled a facilitating role in directing farmers to the best sources of information and
support innovative farmers to share their expertise at conferences of workshops.
In one conversation, farmers started directly comparing the different farmer
networks they were part of, or knew about, describing the different benefits and resources
they could access through each one.

This differentiation in network niche is an
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interesting finding. Some networks provide an equipment borrowing library, which
makes it possible for farmers to access and trial strategies that have climate risk
management benefits. Networks were also described as playing a role of building markets
for producers by educating consumers. Likewise, some networks were described as
filling an important policy advocacy role. Other networks were described as connecting
farmers to different financial resources. Some hyperlocal groups were described that
functioned primarily to facilitate bulk ordering discounts, and one network was identified
as having its own credit union, which members could access. Many networks help
connect growers to loan services and Natural Resource Conservation Service (NRCS)
conservation incentive cost share programs. In one meeting, an NRCS agent attended a
farmer-to-farmer session and explained cover crop incentives to a few farmers that did
not know they would qualify.
Responsive to emerging challenges & opportunities
Farmer networks are responsive to emerging challenges, and evolve in response
to changing needs and opportunities. In these spaces, it is often the farmers who set the
agenda and create opportunities to, “advise service providers and researchers about
issues that they think are important and should be focused on” One farmer likened
networks to the collective action historically coordinated by Granges2. He described how
they are more active in the face of challenges, where the connections and community can
be activated and “get people to work together more to solve their problems when there
is a hardship.” Another famer named the way they had suggested a simple market
assessment to the network facilitators that would help producers like her, and the idea
was welcomed and subsequently undertaken. In another meeting, a few farmers discussed
2

The Grange movement emerged in post-civil war America, and provided a medium
for collective action in the face of larger economic forces at play for which farmers had
little individual capacity to address. Granges also offered education and camaraderie.
See McCabe, J. D. (1969). History of the Grange movement
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the way the model for their network’s farmer research funds was currently being changed
to be more useful and effective for growers. One farmer aptly described how their
network recognizes that farmers are already inherently doing research, and often gives
them tools to do that better, sometimes through farmer research funds but also by offering
to pay for soil sampling, or have a key extension agent work with them to track and share
data. In these groups, farmers often described their peers as leading innovation and
problem-solving in the absence of institutionalized support. To illustrate, one participant
explained how, “right now it's just farmers themselves coming up with the answers,” and
they have to “do it yourself or do it as a collective” because “there isn't any research
dollars out there to help us.”
A few discussions highlighted examples of the way networks have supported
farmers in responding to both unexpected and expected pest and disease challenges. One
farmer described how pest reports and email groups helped him track phenology of pest
emergence, which are less predictable by date in a changing climate. He explained, “if
it's gonna come through Nova Scotia and people are chirping in northern Vermont, I
know I got a week or two because I'm in Saratoga Springs.” In another of the focus
groups, farmers described how network coordination guided their community in dealing
collectively with an early bout of late blight (Phytophthora infestans). As the airborne
fungus swept the area, killing all tomato plants, their network served as a source of
information for farmers “in a panic.” The network guided collective actions to
addressing the new challenge, by keeping growers, “updated about what was happening,
why it was happening and what [they] could do.”

Spaces for exchange of contextualized knowledge & collaborative problem solving
Farmers cited collaborative problem-solving opportunities as one of the most
important ways they address emerging challenges like climate change. Networks create
deliberative spaces for information exchange and collective problem-solving that support
farmer driven innovation from the ground up. Venues for discussion, like conferences,
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on-farm workshops, social media groups and email list-servs enable growers to exchange
and discuss new information and ideas with other farmers, and address the most salient
challenges through collaboration with peers.
Farmers value workshop style spaces for stimulating questions that get deep into
the contextual similarities and specific characteristics of their agroecosystem. One farmer
enthusiastically described the uniqueness of conversations in those spaces; “it's like we
can ask each other questions about what's working, what system do you have … face to
face, talking about things that you don't normally ask each other.” The quality of
information from peer networks was described as being preferable and trusted because it
is filtered and catered to the local context. As one farmer described;
“I'm capable of understanding scientific research. I don't have the time to go through and sift
through it all, so I really depend on people I trust who done it and have succeeded or failed but
are that I can identify with who can tell me the short cut … I'm going to use the tools that exist
right now because I don't have the time or the resources to invent something new. And so to be
able to connect to those as quickly as possible and to find something that works in my
neighborhood is going to be much more effective for me. So that's why I like this kind of peer to
peer.”

The interactive and collaborative elements of these deliberative spaces stimulate
creative problem solving. As one farmer reflected, “when farmers get together, we
always figure something out.” This includes both a “discussion aspect, but also just
practical skill sharing and technique sharing.” Peer-to-peer sharing of experiences of
loss due to climate impacts, supports others in better preparing to address similar
situations on their own farm. A farmer described how; “one of the more impactful things
for me has been… anecdotes from farmers who have been impacted by like specific
storms, or specific events, or climate disruption in a big way and seeing how they've dealt
with it and recovered from it.”
The quality of these spaces was described as being inspirational in unexpected
ways, and generating new perspectives for growers, in addition to helping them find
answers to questions. As one farmer described it;
“sometimes you're looking for an answer to a specific question and then there are other times,
where you don't even know what you're looking for… a farm tour or a meeting like this … it
stimulates your imagination and, you see something, [and think] ‘Oh my god, I never thought of
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that. I would never even thought to ask that question.’ …There's two things-- that sort of
inspirational thing, and asking a specific question.”

Similarly,

new farmers gain

invaluable perspective from

observing

conversations and questions from more experienced farmers. A new farmer directly
addressed more experienced farmers in the group and said, “you're asking a question that
I haven't even thought to ask and when you ask it, it automatically makes me get a little
closer to where you're at.”
Deliberative spaces created by networks are characterized by drawing together
diverse types of expertise. In many networks, staff or key extension agents play a
facilitation role that enhances the dialogue and connection. A farmer reflected on how
on a key person, “makes it possible for me to connect with other growers and learn,”
and is aware that it is unique in being, “a very different model than the conventional top
down extension.”

Everyone’s perspective is valued in these spaces, and farmers’

comments are often qualified with an introduction that explains their level of experience
and scale of production, allowing others to contextualize and compare their perspective
appropriately.
Finally, moderated grower list-servs were repeatedly called out as especially
valuable in bringing together collective knowledge and experience to address emerging
issues. One farmer remarked, “as soon as I'm on that list… I'm ahead of the game.” One
list uses a format where when one grower asks a question; “they get a bunch of responses
and they summarize it and send it back out,” taking on the task of synthesizing the
collective group knowledge and sharing it with the entire community. The list-servs
often bridge the collective knowledge of many different types of farmers’ expertise
including, “conventional farmers, organic farmers, Vermont farmers, Maine farmers,
New Hampshire, New York, everything … it's a big deal!” Some of the most experienced
and respected growers in the region, and extension agents, are known to offer advice on
list-servs.
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Discussion
The results of our quantitative data analysis add new insight on the factors that
influence the emergence and adoption of agroecological innovations. Considered
together, the results of our survey and focus groups point to the important role of farmer
networks in enhancing the capacity of farmers to address climate change and new
challenges. First, our research demonstrates that some farmer networks have influenced
the emergence and adoption of farmer-led agroecological innovations for addressing
climate-related risks on vegetable farms in the northeastern US. Our findings suggest
that not all farmer networks do this to the same extent. Second, farmers identified that
networks support them in learning about new ideas, accessing resources, and engaging
in creative problem solving, through facilitation of spaces for exchange with peers and
experts and being responsive to the emerging needs of producers. These qualities of
networks were identified as directly enhancing farmers’ capacity to adapt to climate
change.
Belief in climate change, perceived vulnerability, financial capacity and
perceived community support were significant cognitive factors in our model predicting
the likelihood that vegetable farmers in the Northeast would have adopted no-till as a
climate adaptive practice in 2017-2018. The extent to which farmers consider climate
change in their long-term farm planning, and their confidence in understanding their
vulnerability to climate-related risks influences climate adaptation decision making. The
importance of climate beliefs and perceptions as precursors to adoption decisions is
consistent with recent American scholarship referencing the Theory of Planned Behavior
(e.g. Mase et al. 2017; Arbuckle et al. 2013). Financial capacity was significant in
predicting the adoption of no-till, but not the consideration of it as adaptive. This
suggests that financial capability makes the difference between considering a practice
adaptive, and actually adopting it.
Our study also found that famers who perceive that their community will support
them in recovering from the impacts of climate change are less likely to have adopted
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no-till, and less likely to consider it adaptive. Farmers who perceive that their community
will support them in bouncing back from severe climate impacts may have less
imperative to invest in climate adaptation practices, as they have this community safety
net. Whereas, farmers who do not perceive that they have a community who will catch
and support them when severe weather impacts set them back, may have a stronger desire
and need to build greater coping capacity into their production systems.
The results of our modeling indicate that network affiliations can have strong and
significant influences on the adoption and consideration of emerging agroecological
practices, and that network affiliation is a more important driver of the spread of this
innovation than geography, which is an important contribution of our research to the
theory of diffusion of innovations (Rogers 2003). Not only did network affiliation have
a stronger effect, the geographic “neighborhood effect” had no influence on adoption or
emergence of innovations in our study. This is surprising, and may reflect the large spatial
scale of our analysis or the dramatic changes in information landscapes due to
information technology in the last two decades. In our study, vegetable farmers affiliated
with some networks were significantly more likely to have adopted no-till for climate
adaptation. While these networks were significantly associated with the occurrence of
no-till, there are many other farmer networks in the region which had no significant
impact on adoption detected in our study. This suggests that there may be characteristics
of some networks which were more conducive to the spread and advancement of this
practice, but does not tell us why. Strong social bonding and peer influences have been
shown to influence adoption of organic practices (Wollni and Andersson 2014) and could
be responsible. Likewise, members of these networks may have shared beliefs and
awareness of climate risk, which influence adaptation behaviors (Mase et al. 2017).
Another possible explanation is that a network may have enhanced learning opportunities
that speeds up the diffusion of innovations process, increases peer learning or may have
an influential early adopter (Rogers 2003). Less experienced farmers are significantly
more likely to adopt or consider no-till in our study. This is consistent with other research
on the determinants of conservation practice adoption (Carlisle 2016). Conversely,
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greater levels of education have been correlated with the adoption of conservation
practices (Carlisle 2016), yet our model indicates that education is negatively associated
with adoption of no-till among vegetable farmers in the Northeast. Future research should
explore the specific explanatory factors behind the way networks influence adaptation
behaviors.
Our qualitative research identified that farmer networks build adaptive capacity
by creating space for learning, information exchange among peers, and co-producing new
ideas to address shared challenges. These spaces facilitate new and enhanced
relationships among farmers, and increase access to other resources that enhance farmers’
capacity to address and plan for climate change. In addition to enhancing access to other
resources, networks also generate new resources based on reflexive listening to farmers
needs and unique contexts. The discourse constructed by farmers in these spaces
addresses their most salient concerns, and links the kind of tacit local knowledge among
farmers described by Sumane et al. (2018). This advances the compatibility of innovative
ideas to each unique context, influences adoption of adaptation practices, and builds
important relationships among farmers and the agricultural community that can be
brought to bear on other challenges.

Here we have seen evidence that reflexive

engagement in research results in the salient and usable outcomes espoused by PAR
(Kindon et al. 2007), but that this happened with or without academic experts as partners
in the process.
In our study extension agents were named as playing valuable roles in facilitating
change and transition for farmers by hosting spaces for discussion and exchange of ideas,
and linking farmers to other peers with more experience.

Farmers’ appreciation of

experts as facilitators in farmer peer learning departs from claims by Wood et al. (2014)
that facilitators in farmer networks are not valuable, but is consistent with agricultural
innovation systems theory (i.e. Wigboldus et al. 2016; Klerkx et al. 2012), which has
emphasized the importance of facilitation roles in advancing farmer innovation. This
finding also reflects the role of extension in adaptive capacity as described by Extension
3.0 theory (Lubell et al. 2014), whereby extension can enhance agricultural adaptive
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capacity through mediating network-based knowledge systems in ways that help farmers
react to changes in economic, social, and environmental processes.
Importantly, our research suggests that networks have different niches in
supporting farmers to meet their goals and access capitals. This aligns with Ostrom,
Janssen and Anderies (2007), whose work emphasizes caution in making claims about
consistency across contexts and situations. Networks may play different roles in
enhancing farmers’ adaptive capacity, and to different extents. Further research is needed
on the way network structures, cultures and goals interact with farmers’ adaptation
behaviors and adaptive capacity.
Our findings align with other research identifying how shared learning in niche
famer networks supports transformation, problem solving, adoption of new practice and
collective action among farmers (Nelson et al. 2014; Kroma 2006; Hassanein and
Kloppenberg 1995). Our research work explores the specific role of grassroots farmer
networks in the northeastern US in agroecological transformations, and aligns with
theories of democratic innovation systems that place farmers perspectives as central to
solutions, such as the Farmers First theory (Scoones and Thompson 1994). Farmer
networks that are nimble, deliberative and responsive create alternative structures to
support farmer led agroecological transitions from the ground up, and can build
alternative structures to enhance resource access and adaptive capacity.

From a

community development perspective, social capital emerges as the most important factor
at a systems level which enables innovation and new ideas to grow, other capitals to be
used, and develop collective solutions to shared problems (like market pressures,
regulatory pressures, new production issues like pests and weather). This is consistent
with the way social capital has been widely understood to enhance adaptive capacity
(Pelling and High, 2005), though our research also suggests that social capital can grow
human capital, as confidence and knowledge.
A growing body of research on agroecological sustainability transitions
highlights niche sustainable agriculture movements as important case studies for
understanding the leverage points for change toward a paradigm with a fundamentally
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different relationships between the ecological health and agricultural production (IPESFood 2018). The question of how to scale up lessons from these niches, is at the heart of
current sustainability transition debates (Auguenstein et al. 2020). Farmer networks and
social organization have been identified as key drivers of bringing agroecology to scale
(Mier Y Terán Giménez Cacho et al. 2018). Both the human relationship dimensions of
this story in our research, and the local/contextualized nature of knowledge exchange in
this niche, make scaling hard to envision. It is possible that small scale and niche aspects
make the kind of collective action and collaboration we observed possible.

And

interestingly, farmer-led innovation was identified in our study as being stimulated by
scarcity of research investments, and collective action as a response to challenges. This
may suggest that some of the emergent strategies that have enhanced adaptive capacity
of niche sustainable agriculture, are simply not scalable. At the level of regime, where
resources and supports are more abundant, the driving force of lean resources will be
absent.
Implications and future research
Our findings imply that extension professionals and farmer networks are crucial
elements of a social-technical system that supports farmers in innovating and adapting to
climate change and other new challenges. Agricultural policy should invest in supporting
both extension and farmer networks as structures that are responsive and adaptive.
Additionally, policy that supports farmers’ financial capabilities could provide the
critical resources that enable growers who are considering adaptation practices to adopt
them. Financial support programs may make the difference between considering a
practice adaptive, and actually adopting it.
Outreach can enhance farmer adaptation to climate change by engaging in
farmers networks as key spaces where learning happens and innovations are advanced.
Our research also suggests that understanding vulnerability is a precursor to adaptive
planning and management decisions. Therefore extension programs should build
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farmers’ understandings of their farm’s vulnerability to climate impacts, in order to
support proactive adoption of climate adaptation practices.
All of this work merits greater investigation and exploration, in the northeastern
US with other types of farmers, and elsewhere. In particular, future research should
explore the specific explanatory factors behind the way networks influence adaptation
behaviors, and the way network structures, cultures and goals interact with both farmers’
adaptation behaviors and adaptive capacity. Further research is also needed to explore
the way scarcity and challenges influence collective action, and sustainability
transformations in agriculture. Research which explores differences among farmer
network structures, norms and governance styles would complement our understandings
of how farmer networks support climate adaptation. Likewise, our findings would be
complemented by investigations from the perspectives of extension professionals and
network staff on the same topics. Finally, on-farm research trials that evaluate the
benefits and drawbacks of farmer-led innovations for climate adaptation should be
prioritized.

Limitations
This study is exploratory and participatory. Our data collection was conducted
using a convenience sampling approach at a single time, which limits the extent to which
we can generalize the results of our finding. However, our sampling did occur across
and network lines, suggesting that the phenomenon we observe and describe is happening
at the regional scale, and across different networks. Our qualitative data was gathered in
a participatory setting, which traded consistency of focus groups for community impact.
Follow up research could gather more specific and targeted perspectives on the ways
farmer networks enhance adaptive capacity by using semi-structured interviews,
documenting governance styles, and modes of interaction.
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Conclusion
Our research indicates that farmer networks, climate beliefs and perceived
vulnerability are associated with the emergence and adoption of agroecological
innovations for addressing climate related risks among vegetable farmers in the
northeastern US. Geography had no impact on the diffusion of innovations in our model,
yet farmer networks emerged as important drivers of the spread and adoption of
innovative agroecological practices for climate adaptation.
Farmer networks that are nimble, deliberative and responsive support farmer led
agroecological transitions from the ground up, and can build alternative structures to
enhance resource access and adaptive capacity. Not all networks are the same in this
regard. Among the characteristics of networks that enhance farmers’ capacity to innovate
and adapt to climate risks, creating spaces for information exchange and collaborative
problem solving emerges as among the most important ways that networks support
farmer-driven adaptation and transformation. Features of networks that enhance adaptive
capacity include the facilitation of new and enhanced relationships among farmers,
enhanced access to diverse resources, and the generation new resources based on
reflexive listening to farmers’ needs.
Our work reveals that farmers are innovating to adapt to climate change in the
absence of formal climate focused outreach and support. Outreach, policy and research
can support, enhance and inform the advancements and innovations farmers are making
towards sustainability and resilience. Networks, extension and deliberative spaces for
collaborative problem solving are valuable assets to the socio-technical system which
enhance farmers’ capacity to adapt to climate change and address new challenges. Tools
or programs that help farmers better understand the vulnerability of their farm to weather
related threats and offer financial assistance may support them in taking proactive
measures to adapt. Finally, resource scarcity was identified as a catalyst for collective
action and innovation, an idea that suggests scaling the conditions conducive to farmerled innovation may not be possible.
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CHAPTER 5. REFLECTING ON TRANSDISCIPLINARITY
Reflecting on this body of work as a whole offers an interesting breadth of
experience with which to compare the advantages and tradeoffs among different methods
of involving farmers perspectives in research. Notably, the community listening sessions
were the most labor intensive, and the most challenging to analyze. However, the
participatory action research aspect of that work has created the most impact and usability
beyond the pages of academic writing. As a result of that work, I have been invited to
input on funding priorities and give presentations across the region to various groups.
This is a clear trade-off from my perspective. The relevance and usability of that
participatory work is greater, but it departs from academic traditions the most, and is
more work. I am not alone in treading an academic path that falls between research and
action. There are increasingly both journals and other scholars who are exploring the
ways to best strike a balance between the contextualized impact that relationships
building engenders, and the replicability of controlled research. As a scholar working in
the space of co-produced knowledge and participatory action research, which is of
increasing interest and relevance outside my field, I feel it will be especially important
that we continue to document and describe the methods we have used in our work, and
the outcomes and challenges associated with them.
Documenting the methods of participatory actions research (PAR) research can
be challenging. Publications on PAR are characterized by highly humanized and
contextualized accounts of how the research was undertaken, and the extended nature of
interactions. The extent to which stakeholders were involved in parts of the research is
described qualitatively, and publications read as case studies, often highlighting
important aspects of participant observation that informed the “chain of reasoning”
(Krathwohl, 2004; Westhues et al 2008). While stakeholder engaged research has many
merits, it is important to note the limits of local knowledge and perspectives, while still
valuing them.
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Transdisciplinary case study approach
In chapter 3, I applied a transdisciplinary case study approach to integrate and
communicate the research conducted by a diverse team over the last six years. Case study
research has unique advantages and limitations. Case studies generally cannot provide
proscriptive recommendations for management, but are valuable in advancing future
research by revealing nuances that warrant further research, and are helpful teaching tools
(Budgell 2008). The case study is intended to be a description of the facts; a modest
depiction of what happened (Budgell 2008), and some restraint about underlying
mechanisms is wise. Short et al. (2017) emphasize the importance of being reflexive and
reflective in utilizing case studies, while also taking care to respectfully elicit the
humanity of the situation. The goal is to communicate the record of what was done and
what was learned to our colleagues, and explain how our findings and observations either
complicate or verify the knowledge base.
Researchers who use case studies must grapple with the reality that there are more
variables of interest than data points, and thus multiple sources of evidence are often
brought to bear on the topics of interest, a strategy frequently called triangulation (Yin
2014). While this reality of case study research makes it hard for researchers, it also
often is considered soft by some research standards, thus is also makes a challenging
endeavor to attempt to publish, both in presenting data with limitations, and defending
the value of the work to the scholarly community (Yin 2014). However, case studies are
an increasingly popular research approach (Salmons 2017). The unique relevance of the
case study findings must be emphasized without overstating the implications from our
limited data. My presentation of the case study in chapter 3 is ‘‘mixed methods single
case research’’ (MMSCR), which draws strengths from both quantitative and qualitative
research traditions (Onghena et al. 2019). Qualitative components of this mixed methods
case study can enhance the trustworthiness and validity of the scholarship by
“incorporating the participant’s sense making and perspective on the effect of the
intervention” (Onghena et al. 2019).
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The case study offers unique insights of value into a vein of research with
increasing academic interest, and importance to locally relevant stakeholders. Thus,
communicating the whole of the case study findings will both contribute to the scholarly
aims of our academic community, and support the land grant mission of the school by
supporting knowledge building among the state’s stakeholders.

In analysis and

presentation of the information I continue to consider the prompt, “What is interesting
about this case?”
In our study, the data is of various kinds and also various standards of rigor or
statistical robustness. The water quality data is comprehensive enough to stand alone, as
it has a calibration time period. I believe that while there are significant limitations to the
broader claims we can make, or suggest, from much of the rest of the data in these two
case studies, they reflect the character of information which influences decision-making
over agricultural land-use, and this speaks to a strength in the illustrative power in this
work. Secondly, the holistic accounting of agricultural ecosystem service provisioning
is timely, something currently discussed in policy working groups in Vermont, regionally
and nationally, and is an approach which has not yet been published at the farm or field
level in Vermont to my knowledge. By illustrating the relative magnitude of impact
which different pathways can influence total ecosystem service provisioning, we gain
insight into leverage points and needed future research.
Our farmer research partners reflected on the research experience in the
interviews I conducted with them and, university researchers reflected on the research
process during each team meeting I attended. I think this adds to the reflexive nature of
the work and the evolution of the partnership over the 5 years of on-farm research. Tradeoffs or compromises were made in the rigor of the research because it was on-farm, and
thus our research represents the real-world application of recommended management
practices. Management is imperfect and constantly being tweaked and changed by
farmers and environmental conditions, and our data reflects this reality. In the continuum
of research, where controlled lab experiments are at one end, replicated plot trials are in
the middle, and monitoring in-situ application is at the other end, our study represents
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the measured implications of what happens when researchers are not controlling the
implementation of treatments, but when farmers are farming.
The transdisciplinary approach taken in chapter 3 integrates diverse academic
disciplines with the local knowledge of farmers. Multiple conversations and interviews
with our farmer partners helped us shed light on the farmers’ perceptions of the practices,
the nuances of management, and how to improve on farm research for decision-making.
Our research partner farmers’ technical expertise was employed in implementation and
management of the field trails. I also formalized their participation in analysis by
conducting a set of recorded semi-structured interviews before sharing the results, for
which I obtained IRB approval (Appendix 2). In these interviews the farmers reflect on
personal decision-making influences associated with the practices used on their farms,
the way they think about environmental outcomes, and also on their experience in the
research process.

Focus groups & community input sessions
Focus groups are well suited to explore diverse and multifaceted perspectives on
phenomena because they create space for discussion among participants (Kruger and
Casey, 2014). This makes them a great match for investigating complex issues and
unpacking new or important considerations. Standard forms of focus groups in research
include no more than 10 or 12 people, optimally seven, in order to give each participant
equal time to speak, and to control for more consistency across each session. In the 1990s
a participatory approach to focus groups emerged (Krueger and Casey, 2014). Krueger
and Casey (2014) describe the way researchers had been concerned with how to get
people to use the results of research and finally found that, “if you want them to use it,
then involve them in the process” (p.183). The limitations of this community engaged
approach include consistency and coordination, which can be frustrating to some
researchers and enjoyable to others. Community input sessions with varying and large
numbers of participants, similar to those I describe in chapter 4, have been incorporated
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in mixed methods publications in health fields (Olson 2020) and in other agricultural
research in the US (Gesh et al. 2020). Reflecting on the diversity of focus group
applications, Kreuger and Casey write, “throughout all of these styles, the focus groups
still retain their distinctive quality of having a planned discussion using predetermined
questions, guided by a skillful moderator, conducted in a permissive and nonthreatening
manner, for the purposes of providing insight” (p.184). However the way participants
are recruited, the number of participants, the context and location of how focus group are
hosted, and the extent to which questions draw participants into collective problem
solving varies greatly.

Final thoughts
Farmers’ possesses local knowledge that is valuable to asking and developing
research questions that address both local day to day challenges and complex global
issues, and hold the key to developing relevant and workable solutions to complex
problems. Much evidence exists that engaged relationships between information
producers and end-users positively impacts the usability and salience of information
(Agrawala and Broad 2002; Cash et al. 2006; Meadow et al. 2015; Peterson et al. 2010).
Social science offers multiple formats with which to incorporate the perspectives of
farmer formally into the research process, but while this can be used to achieve
transdisciplinarity, it is not always participatory.

Engaging with agricultural

communities to co-produce knowledge is increasingly recognized as a best practice for
extension (Heleba et al. 2016; Warner 2006), and academic research methods are
advancing to capture and share the way this relationship and process supports the
development of solutions to challenging and complex problems (Bubela et al. 2009;
Cash, Borck, and Patt 2006; Haywood and Besley 2013; Meadow et al. 2015).
Capturing farmers perspectives through research can bring their knowledge and
perspectives to bear on pressing issues for insight that otherwise may not be possible, but
does not always have the same impact and community change that participation offers.
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In this dissertation, I highlight farmers perspectives across a spectrum of engagement,
where farmers were treated as research subjects in the first study, and as research partners
in the last study. Documenting the knowledge and perspectives of farmers is valuable to
inform other stakeholders in the agricultural community, such as funders, policy makers
and technical advisors, but it is distinct from participatory action research. In borrowing
approaches from different goals and traditions, participatory approaches aim to balance
community impact with academic rigor, but it is clear to me that is often a balance with
tradeoffs. Thorough documentation of approach and methods in participatory research
is important in communication to academic audiences.
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APPENDIX 1.
Focus group instrument: farmer’s perspectives on ecosystem services, chapter 2
Introductions, informed consent form, summary of the overall research project and
what will be done with the information gathered in the focus groups.
Questions to be Read Aloud: (Goal to complete within 1 hour. 10 Minutes or less per
question)
1. Please tell us your name, where your farm is located, and then one important thing
you think about when you consider management changes on your farm.
i. “I’ll start us off. ….”
2. Mitigation: If you knew that a practice reduced greenhouse gas emission from your
farm or captures atmospheric carbon, does that make you consider adopting it?
i. Optional: How does that compare with other reasons for adopting it?
ii. And what about if you know that a practice would increase
greenhouse emissions?
3. Water quality: When you know that a practice improves the water flowing off your
farm into the watershed, does that make you view it more favorably?
i. Is that a primary or secondary reason to make a change? Or just an
added bonus if it does? And what about if you know that practice
makes water quality worse?
4. Stories about decision-making: Can you share a story about when you, or another
farmer, had to make a tough decision about your farm management? Perhaps where
you had to weigh environmental impacts against economic outcomes? What was
most important to you in that time?
5. Payment for Ecosystem Services: Do you think farmers would be willing to be paid
for ecosystem services, like sequestering carbon? How much would a minimum
payment need to be to make it worthwhile?
6. Climate Risk Management: When you know that a practice improves your farm’s
ability to cope with extreme and changing weather patterns, like drought and heavy
precipitation events, does that make you view it more favorably? Is this something
we should highlight when we talk about our research results with farmers?
i. Optional: (Is that a primary or secondary reason to make a change?
Or just an added bonus if it does? Or maybe it doesn’t matter at all?
And what about if you know that practice makes you more
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vulnerable to the impacts of climate change?)
7. Regulations: Have the RAPS changed the way you think about water quality
impacts from your farm? Changed the way you manage your farm? Changed the
way you perceive government, or willingness to participate in policy processes?
8. As we prepare to conclude this session, is there anything that else that you feel is
important to share?
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APPENDIX 2.
Individual interview instrument for farmer research partners, chapter 3
Title of Study: Exploring the Social Dimensions of Ecosystem Services in Dominant Agroecosystems of
the Northeast

The first set of questions I have are about the aerator/ bmp you have been using on your
farm for the research project. Then I’ll ask you for your ideas about if and how the
ecological impacts of the BMP play into your decision making. My goal is to include
your perspective in the research outcomes.
Perceptions of specific practice:
I’m interested in what you knew about the BMP before the research project. What did
you know about it? Were you interested in it?
Ø Did you think the practices would be too expensive before you participated in
the research project? Did you have an estimate of the cost? Time?
Ø How much effort did you think was required prior to participating? Did you
think it was complex/simple?
Ø How familiar were you with the use of machinery and time required to do this
practice prior to participating?
Ø Do you remember any drawbacks you attributed to it before the research?
Unfamiliar?
Ø What benefits of the practices did you know about before participating in the
research project? Did you think it was supposed to improve WQ? Did you
know about any impacts it would have on GHG emissions? Soil carbon
Ø Where did you hear about it or get information about it from?
Ø How do you think other farmers feel about it?
Has your interest/perception of the BMP changed? What is your interest now?
(After/now)
Ø What benefits of practice do you see?
Ø How complex/simple do you think the practices are now?
Ø How do you feel about the time & effort required to use them now?
Ø Has your participation changed your interest in, or intention to, adopt the
practice?
Ø Will you recommend this practice to other farmers? Why, why not?
Ø How has the research process impacted your perceptions and interest in the
practice?
Ø Do you think this practice influences your farm’s ability to cope with extreme
weather and climate impacts? Which ones & how?
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Ø Have you noticed an impact on soil health? Soil sonservation
What are the drawbacks to this practice for you?
Ø What are the reasons that other farmers may not use this practice?
Participatory Analysis:
Given the information from our research, do you think the BMP is [socially viable]-- do
you think growers will want to use it? Given the tradeoffs, do you think some or all
growers will be interested in adopting it? Do we have enough information? Whats
missing-- what information do we/you need now?
Given your experience in the project, are the research outcomes useful to you?
Ø What would make them useful? What would make/would have made them
credible?
Ø Do you feel connected to the research? Do you feel ownership of the
information? Pride, excited, other? Do you talk about it? What do you tell
others?
Ecosystem Services:
How do the ecological impacts of this practice play into your thinking about whether or
not you would plan to use this practice?
Ø For this research project, we are measuring GHG emissions, carbon
sequestration and water quality impacts.
Ø In general, do environmental impacts motivate you to consider management
changes?
Ø How do you think other farmers consider these ecosystem services in
management? Does an understanding of ecological benefits increase
adoption? For you and others?
Ø Does a sense of stewardship increase adoption, or is it an auxillary benefit?
Ø … regulation?... payment? Social learning - other people?
Ø Does this depend on whether or not someone believes in climate change?
Whether or not they think they can have an impact on the environment?
I want to understand it how you think about tradeoffs… How do those reasons compare
to the other considerations we have talked about? (Livelihood, economics, cultural
capital, social influences, etc.)
Ø What are the most important things you think about in considering a
management change in general?
Ø How do environmental impacts play into decision making?
Ø For this bmp?
Ø Are there any other things you think are important to decision-making that I
should know about?
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Ø Do you think about climate resilience, or managing extreme weather risks,
when you make decisions?
Ø How does this fit into your larger farm goals and guiding principles?
Ø What would it take to support farmers in both producing food and managing
land to improve the environment? Public appreciation? Bottom line?
Payment? Regulation?
Carbon Markets
There is emerging potential for farmers to be paid for capturing carbon in their soils, and
these are called carbon markets. Have you heard of this idea? Theres a lot of work being
done now to pay landowners for managing their forests as carbon sinks. People in
Vermont may very soon be able to sell their carbon credits, for managing land to capture
carbon, to Europe and the California state government. There are some other markets
and ideas emerging too. And some folks would like to be able to pay farmers for being
part of the climate solution, if we could track carbon uptake from your land management.
Ø What do you think of this idea?
Ø And what do you think the farming community’s impression of this is?
Ø Do you think farmers would be willing to participate in these carbon markets?
You?
Ø Do you think farmers that don’t believe in climate change would be willing to
participate?
Would you be interested in consulting with us on our focus group design?
Technology
Have you heard about apps or other technology that supports farm management decisionmaking? Such as GoCrop or Farm OS?
Ø Do you use any of these? Why not?
Ø How do you keep records?
Ø What would would make something like that useful, useable?
Ø What are your concerns? What are the challenges?
Ø What could make it better?
Farmer Groups
What is the role of farmer organizations in the agricultural community?
How do you see them influencing and interacting with new management trends?
Thank you so much for all of your insight. It sounds like (summary).
• Is there anything else that you would like to share with me that we did not touch on? Do
you have any questions for me?
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APPENDIX 3.
Focus group instrument for resources for resilience listening tour, chapter 4
Introductions, informed consent form, summary of the overall research project and
what will be done with the information gathered in the focus groups.
Summary of the survey results. Share important themes and interesting trends.
1. Introductions. What are you concerned about? What would you like to talk about with
the group?
2. Let’s build a shared understanding of this idea of resources for resilience. When I say
resources what comes to mind? How about resources to support farmers in the face of
climate change and extreme weather –
Natural resources – i.e. soil, biodiversity
Financial resources – i.e. grant, loan, payment, markets
Educational opportunities – i.e. workshops & programs, skill building
Advising – i.e. technical assistance, mentorship
Information (data) – i.e. growing degree days or long-term outlook, farm plans
Human capital – i.e. confidence, skills
Equipment access – i.e. seed drill, bed hiller etc.
Relationships: networks/peers - i.e. CSA members, farmer network, friends
3. When you think about climate resilience and managing for the increased incidence of
extreme weather events, what kinds of resources do you already use? -- be specific in
an example if you can. It could include being prepared for a shock or stress, or
recovering from an impact.
4. What kind of resources does [this network] offer that support your climate resilience?
5. What kinds of additional resources do you need?
Whats missing? What should be different?
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6. Which resources and types of support would be most helpful? And which ones are
most critical/essential?
7. When you think about accessing these resources, what avenues and communication
styles are most helpful?
8. Mitigation was a theme that came up in the survey I conducted last year about
adapting to extreme weather. Growers mentioned the importance of addressing the
drivers of climate change through energy conservation, reducing inputs and
sequestering carbon. Do you consider these things in decision-making?
a. What do you think about the potential to pay farmers for sinking carbon?
9. Anything else that came up? Other thoughts?
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ABSTRACT
A complex of social, economic and environmental factors influences agricultural
management in the northeastern US. Farmers often balance goals of farm viability,
environmental stewardship, and resilience to climate change, while also under public
pressure to enhance the provisioning of ecosystem services from their landscapes.
Changes in farm management have been identified as cost-effective ways to address both
local water quality issues, and global anthropogenic influences on greenhouse gas
concentrations. Individual decision-making on the part of farmers that determines the
fate of ecosystem service provisioning from agroecosystems, placing increasing
importance on understanding how policy, outreach and research can support farmers’
capacity
This dissertation explores the way agricultural management is changing in the
face of emerging environmental crises in the northeastern US. I use stakeholder
engagement and transdisciplinary research that highlights farmers as key decision makers
to gain insight into the unique decision-making contexts of farmers and the resources
they need to better address pressing environmental challenges.
In the first study, I use focus groups to explore a complex and resource
constrained decision-making context described by a sample of Vermont farmers. Their
perspectives illustrate a strong stewardship ethic, a desire to learn more about their
agroecosystem, and both hope and skepticism about new payment for ecosystem services
incentive programs.
In the second study, I integrate social, economic and biophysical data to estimate
the supply of ecosystem services from alternative soil and nutrient management strategies
at the field-scale, and illustrate feedbacks from ecosystem services on farmers’ decisions.
This transdisciplinary study finds that subsurface nutrient loss pathways and soil surface
greenhouse gas emissions are poorly understood, but also potentially the most important
in determining the impact of a practice on ecosystem services supply.
In the third study, I use information from multiple phases of a participatory action
research study with sustainable agriculture networks in the northeastern US to explore
how farmer networks support adaptive capacity and sustainability transitions in
agriculture. First, I use binomial logistic regression analysis to identify factors that
influence the use of no-till on diversified vegetable and berry farms, which is an emerging
innovation for climate adaptation in this community. The analysis shows that climate
beliefs, perceived capacity and affiliation with certain farmer networks are significant in
predicting the use and intended use of this practice. This quantitative analysis is
complemented by qualitative data from a series of focus groups in which farmers identify
the characteristics of certain networks which support them in addressing new challenges.
This work contributes to scholarship on understanding how farmer networks enhance
collective problem-solving and adaptation to climate change.

